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Abstract
This thesis is about the development and validation of a numerical model for the simulation
of the current-voltage characteristics of organic thin-lm devices. The focus is on the analysis
of a white organic light-emitting diode (OLED) with uorescent blue and phosphorescent red
and green emitters. The simulation model describes the charge transport as a one-dimensional
drift-diusion current and is developed on the basis of the Scharfetter-Gummel method. It
incorporates modern theories for the charge transport in disordered organic materials, which
are considered by means of special functions for the diusion coecient and the charge-carrier
mobility. The algorithm is designed such that it can switch between dierent models for mo-
bility and calculates both transient and steady-state solutions. In the analysis of the OLED,
electron and hole transport are investigated separately in series of single-carrier devices. These
test devices incorporate parts of the layers in the OLED between symmetrically arranged in-
jection layers that are electrically doped. Thereby, the OLED layer sequence is reconstructed
step by step. The analysis of the test devices allows to obtain the numerous parameters which
are required for the simulation of the complete OLED and reveals many interesting features
of the OLED. For instance, it is shown how the accumulation of charge carriers in front of an
interface barrier increases the mobility and the transfer rate across the interface. Furthermore,
it is demonstrated how to identify charge-trapping states. This leads to the detection of deep
trap states in the emission zone of the OLED  an interesting aspect, since these states can
function as recombination centers and may cause non-radiative losses. Moreover, various other
eects such as interface dipoles and a slight freeze-out of active electric dopants in the injection
layers are observed. In the simulations of the numerous test devices, the parameters are consis-
tently applied. Thereby, the agreement between simulation and experiment is excellent, which
demonstrates the correctness and applicability of the developed model. Finally, the complete
OLED is successfully simulated on the basis of the parameters that have been obtained in the
analysis of the single-carrier devices. The simulation of the OLED illustrates the transport lev-
els of electrons and holes, and proofs that the OLED eciency is low because of non-radiative
recombination in the interlayer between the phosphorescent and uorescent emission zones. In
this context, many interesting issues are discussed, e. g. the applicability of the Langevin model
in combination with the mobility models for the description of recombination and the relevance
of interactions between free charge carriers and excitons.
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Kurzfassung
In dieser Arbeit geht es um die Entwicklung und Validierung eines numerischen Modells zur Si-
mulation der Strom-Spannungs-Kennlinien organischer Dünnschicht-Bauelemente. Dabei liegt
das Hauptaugenmerk auf der Untersuchung einer weiÿen organischen Leuchtdiode (OLED),
deren Emission sich aus dem blauen Licht eines uoreszenten Emitters und dem roten und
grünen Licht phosphoreszenter Emitter zusammensetzt. Das Simulationsmodell beschreibt den
Ladungstransport als eindimensionalen Drift-Diusions-Strom und wird auf der Grundlage der
Scharfetter-Gummel-Methode entwickelt. Es stützt sich auf moderne Theorien für den Ladungs-
transport in organischen Materialien, die durch spezielle Funktionen für den Diusionskoe-
zienten und die Ladungsträger-Beweglichkeit Berücksichtigung nden. Der Algorithmus wird
so entworfen, dass zwischen verschiedenen Beweglichkeitsmodellen gewählt werden kann und
sowohl zeitabhängige Transientenströme als auch rein stationäre Lösungen berechnet werden
können. In der Analyse der OLED werden Loch- und Elektronentransport getrennt voneinan-
der mit Hilfe von unipolaren Teststrukturen untersucht. Diese Bauelemente beinhalten Teile
der Schichtfolge in der OLED zwischen symmetrisch angeordneten Injektions-Schichten, die
elektrisch dotiert sind. Dabei wird die OLED-Schichtfolge Schritt für Schritt rekonstruiert.
Die Untersuchung der Teststrukturen ermöglicht es, die zahlreichen Parameter zu bestimmen,
die für eine Simulation der vollständigen OLED benötigt werden und veranschaulicht viele
interessante Eigenschaften der OLED. Es wird zum Beispiel gezeigt, wie das Anstauen der
Ladungsträger vor einer Grenzächen-Barriere die Beweglichkeit und die Transfer-Rate über
die Grenzäche anhebt. Des Weiteren wird demonstriert, wie man Fallenzustände identiziert.
Das führt zum Nachweis energetisch tieiegender Fallen in der Rekombinationszone der OLED
 einem interessanten Aspekt, da diese als Rekombinationszentren fungieren und nichtstrah-
lende Verluste verursachen können. Auÿerdem werden verschiedene andere Eekte beobachtet,
wie z. B. Grenzächendipole und ein leichtes Ausfrieren der elektrisch aktiven Dotanden in den
Injektions-Schichten. In den Simulationen der zahlreichen Teststrukturen werden die Parameter
konsistent verwendet. Dabei ist die Übereinstimmung von Simulation und Experiment hervorra-
gend, wodurch die Richtigkeit und Anwendbarkeit des entworfenen Modells demonstriert wird.
Zum Abschluss wird auf der Grundlage der Parameter, die in der Untersuchung der unipola-
ren Teststrukturen erlangt wurden, die gesamte OLED erfolgreich simuliert. Die Simulation der
OLED veranschaulicht die Transportniveaus von Elektronen und Löchern und beweist, dass die
Ezienz der OLED aufgrund nichtstrahlender Rekombination in der Schicht zwischen den uo-
reszenten und phosphoreszenten Emissionszonen gering ist. In diesem Zusammenhang werden
zahlreiche interessante Fragestellungen diskutiert, wie z. B. die Anwendbarkeit des Langevin-
Modells in Verbindung mit den Beweglichkeitsmodellen zur Beschreibung der Rekombination
und die Relevanz von Wechselwirkungen zwischen freien Ladungsträgern und Exzitonen.
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Introduction
Organic semiconductors represent a promising alternative to classical semiconductors like sil-
icon or gallium arsenide. They open the doors to a new variety of electronic devices and
building blocks in thin-lm technology, and give new impetus to the development of standard
optoelectronic devices like solar cells and light-emitting diodes.
This thesis is focused on the interesting eld of organic light-emitting diodes (OLEDs).
OLEDs are thin-lm area emitters which produce diuse light. They have the potential to
achieve a high eciency and color rendering, and therefore step into the focus of lighting and
display industry. Typical OLEDs are composed of several organic thin lms and are challenging
in terms of development and production, because complicated optical and electrical processes
need to be controlled. Until now, the optimization of OLEDs has predominantly relied on ex-
perimental studies, i. e. mainly on variations of materials, layer sequence and layer thicknesses.
However, this has become more and more complicated because the developed OLED struc-
tures have become increasingly complex while achieving higher eciency and stability. As a
consequence, it is now attempted to support the experimental studies by computer simulations.
For the optimization of OLEDs, simulations can be very useful. On the one hand, optical
simulations can calculate the optimal positions for the emitters in the cavity, and on the other
hand, electrical simulations can help to understand the charge-carrier transport and to deter-
mine the actual recombination prole in the OLED. The recombination prole is particularly
interesting for the evaluation of the OLED eciency, since it illustrates where recombination
takes place and thereby also non-radiative losses. Moreover, electrical simulations can identify
trap states. Again, this is important for the evaluation of the OLED eciency, because traps
capture charge carriers and can act as recombination centers, which leads to higher driving
voltages and non-radiative losses. While optical simulation models are already well advanced
and commercial thin-lm optics simulation tools are available, electrical models are still un-
der research. The diculty to describe the charge-carrier transport in organic semiconductors
is partly due to the large variety of organic materials exhibiting dierent morphologies and
degrees of disorder, but also comes as a result of the lack of knowledge in this eld.
The subject of this thesis is to examine available theories on the transport in disordered
semiconductors and to develop a complete simulation model for the charge transport in OLEDs.
The simulation model is then used to analyze the charge transport in a white OLED. From
the simulations, a full characterization of the charge-carrier prole in the OLED will be ob-
tained, which will allow to understand the features of the OLED and to evaluate non-radiative
recombination losses.
The thesis is structured in three chapters. The rst chapter starts with a general overview
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on light theory and light sources, then compares classical and organic semiconductor materials,
and nally describes a few concepts for white OLEDs. In the second chapter, available models
for the charge transport in disordered organic semiconductors are presented, on the basis of
which a complete simulation model for the charge transport in OLEDs is developed. In the
third chapter, a three-color white OLED with uorescent blue and phosphorescent red and green
emission is examined, and the charge transport in the device is analyzed with the simulation
model.
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Chapter 1
Organic Light-Emitting Diodes
1.1 What is Light?
What is light?  A philosopher might answer that light is what makes the world visible, or that
light is one of the foundations of life. Nature has found many ways to exploit the light from
the sun, which is, without any doubt, the most important light source. However, nature did
not only develop ways to exploit the sunlight, but also to generate light by itself. For instance,
many organisms like reies, glow worms or jellysh use bioluminescence for attraction and
communication. Humans found ways to make re, which gave them control on illumination
and heat, a power which set humans above all other species in the world. And humans did
not stop at this point, but found new ways to produce light from chemical reactions or from
electricity. The driving force for this seems to be an inherent scientic curiosity intensied
by the capitalistic competition among humans. Nowadays, we obtain electricity from sunlight
in solar cells, illuminate houses and streets at night by lamps, we use light to display and
communicate information, and still go on and on with the optimization and development of our
techniques.
By comparison, if we would ask an economist, he might say that light is an energy ux
and that the exploitation of energy is money, which is known to rule the world or at least
the economic system of humans. And as the development of economy seems to be a modern
variant of evolution, the economist comes to the same conclusion as the philosopher which is
that humans simply have to exploit light and to explore its secrets due to evolution.
1.1.1 Theories on Light
Therefore, it is not astonishing that humans have been busy during the last centuries and
developed a variety of theories about light.1 The start for modern light theories is commonly
attributed to René Descartes (1596-1650), who assumed that light behaves like a pressure wave
and that the refraction of light might be explained by dierences in light speed for dierent
media, which he concluded in analogy to sound waves [2]. Isaac Newton wrote in his Hypothesis
of Light (1675) that light was composed of particles which were emitted in all directions from
1A brief overview on historical theories of light is given in [1].
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Figure 1.1: Schematic energy level diagram of the photo-electric eect. The incident light
excites electrons from the Fermi level EF of the metal. Thereby, the excited electrons can
overcome the work function Φ, which is dened as the distance from Fermi to vacuum level,
only when the frequencies of the incident light beam are above a certain threshold frequency.
a source. He preferred the particle hypothesis to Descartes wave theory because waves were
known to bend around obstacles whereas light traveled only in straight lines. The phenomenon
of diraction was attributed by him to a localized wave around the particle in the luminiferous
aether, a hypothetical medium for the propagation of light. Later, Christiaan Huygens worked
out a new wave theory of light in his Treatise on Light (1690). His wave theory predicted
that light waves could interfere with each other and that light should be polarizable, if it were
a transverse wave. This was conrmed by Thomas Young in diraction experiments and by
Augustin-Jean Fresnel who showed mathematically that light was entirely transverse without
any longitudinal vibration. In 1845, Michael Faraday discovered that the plane of polarization
of linearly polarized light rotates around the direction of propagation when the light travels
parallel to a magnetic eld in certain transparent dielectrics. This inspired James Clerk Maxwell
who in 1873 published his Treatise on Electricity and Magnetism, in which he concluded that
light is the portion of electro-magnetic radiation which is visible to the human eye. At the end
of the 19th century, the theory of light as an electro-magnetic wave was commonly accepted and
the riddle about the nature of light seemed to be solved. However, there still remained some
open questions, for instance in photospectroscopy where it was observed that light waves could
eject electrons from metals only when the frequencies were above a certain threshold, which
was characteristic for the metal. This is known as the photoelectric eect and was puzzling
in the sense that, according to Maxwell's theory, electro-magnetic waves of lower frequencies
should also be able to eject electrons from the metal if their intensity would be suciently high.
However, experimentally it was found that no electrons are ejected for incident light waves with
frequencies below the threshold.
In the 20th century, answers to this and related questions were obtained from a stochastic
formalism which is known as quantum theory. In this theory, the light eld inside a given space
with given boundaries is represented by a bunch of quasi particles known as photons, which
are massless and populate wave modes of certain energies according to Bose-Einstein statistics.
Similarly, electrons are described as quasi particles with an eective mass which populate wave
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modes localized on molecules or delocalized over crystals according to Fermi-Dirac statistics.
The photoelectric eect is then explained by the energy transfer from a photon of the light
eld to an electron in the metal. The crucial dierence to Maxwell's theory is that the energy
which is required to eject the electron from the metal is provided by a single photon and that
the energy of the photon is determined unambiguously by its frequency ν according to
E = hν . (1.1)
Thus, the threshold frequency νt describes the work function of the metal
Φ = hνt , (1.2)
dening the energy gap between the vacuum level and the highest occupied state in the metal,
as sketched in Fig. 1.1. In this sense, the photon is not only the particle which represents
the light eld, but also the particle which transfers energy from the light eld to the electrons
in the metal. The inverse process where the energy obtained from an electronic relaxation is
transferred via a photon to the light eld is also known and is the reason for light emission.
In terms of quantum theory, the photon is also regarded as the mediator of electro-magnetic
interaction.
In the eld of spectroscopy, it was observed that glowing gases emit discrete line spectra.
These spectral lines are explained by electronic transitions and therefore represent the energy
gaps between electronic states of the light-emitting atoms or molecules, a fact which was widely
exploited to investigate the electronic structure of atoms and molecules and to develop and
validate the quantum theory. The discreteness of the electronic states can be understood by
interference eects of the electron waves and by the correlation to the surrounding potentials.
In quantum theory, this is expressed by Schrödinger's famous time-independent eigenvalue
equation for particle waves (
− ~
2
2m
~∇2 + V (~r)
)
︸ ︷︷ ︸
H
ψn(~r) = Enψn(~r) , (1.3)
where the functions ψn describe stationary electron waves, En the corresponding energies, m
the mass of the electron, V the potential and H the Hamiltonian operator.
1.1.2 Light Perception
Already Thomas Young had proposed that colors were caused by dierent wavelengths of light
and had explained color vision in terms of three types of color receptors in the eye.2 This
hypothesis has been conrmed in the 20th century. The light-sensitive layer of the human eye
is called retina and contains two dierent types of light-sensitive photoreceptor cells, called rods
2In his Lectures on Natural Philosophy (1807), he wrote 'From three simple sensations, we obtain several
primitive distinctions of colours; but the dierent proportions, in which they may be combined, aord a variety
of tints beyond all calculation. The three simple sensations being red, green and violet, the three binary
combinations are yellow, consisting of red and green; crimson, of red and violet; and blue, of green and violet;
and the seventh in order is white light, composed by all the three united.' [13].
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Figure 1.2: Luminosity functions V (λ) and V ′(λ) for photopic and scotopic vision as stan-
dardized by the CIE [36]. For comparison, the updated results for the photopic luminosity
function by Sharpe et al. are shown [7].
and cones. Rods are smaller and more sensitive than cones. They are responsible for the scotopic
vision, at low light intensity of some hundredth of cd/m2 or below. Their sensitivity is described
by the scotopic luminosity function V ′(λ), as dened by the Commission Internationale de
l'Éclairage (CIE) in 1951 [3, 4]. The cones are responsible for the photopic vision, at higher
illumination levels of about 1 cd/m2 and more. There exist three dierent types of cones with
dierent sensitivity maxima in the blue (around 440 nm), green (around 540 nm) and orange
(around 590 nm) regimes of the visible spectrum. Their sensitivity ranges overlap and cover
the visible spectrum from about 380 to 780 nm. The resulting overall spectral sensitivity of
the human eye is described by the photopic luminosity function V (λ), as dened by the CIE
in 1924 [5, 6]. This function has its maximum at 555 nm and is used to describe luminous
quantities such as perceptible by the human eye. For instance, the luminous ux Φl is dened
as
Φl = 683 lm/W ·
∫ 780 nm
380 nm
V (λ)Φsr(λ) dλ , (1.4)
in units of lumen (lm), where Φsr(λ) is the spectral radiant ux describing the spectral power
distribution of light. This is a physical denition for the light brightness as perceived by the
human eye. Related photometric quantities are the luminous intensity dened as luminous ux
per solid angle (Il = dΦl/dΩ) in units of candela (cd = lm/sr) and the luminance dened as
luminous intensity per area (L = dIl/dA) in units of candela per square meter (cd/m2).
Besides brightness, the human eye is able to perceive color, i. e. the spectral composition of
light. In physical terms, color can be represented by a vector from a color space which is spanned
by the cone spectral sensitivity functions l̄(λ), m̄(λ) and s̄(λ) as illustrated in Fig. 1.3. For a
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Figure 1.3: Cone sensitivities as determined by Stockman and Sharpe [8], and color match-
ing functions as dened by the CIE in 1931 [11].
denition of this color space, it is not indispensable to exactly know the sensitivity functions,
since the vector space can be spanned by dierent sets of basis vectors. Suitable basis spectra
can be determined for instance in color matching experiments where human observers have
to match a variety of reference light colors by adjusting the intensities of the tested basis
spectra. One of the rst standard bases for the color space relies on experiments by Guild and
Wright [9, 10] and has been dened by the CIE in 1931 [11], the basis vectors are known as the
three color-matching functions x̄(λ), ȳ(λ) and z̄(λ). Accordingly, a vector of the color space
can be derived from the spectral power distribution Φsr(λ) and is described by the tristimulus
values
X =
∫ 780 nm
380 nm
Φsr(λ)x̄(λ) dλ , Y =
∫ 780 nm
380 nm
Φsr(λ)ȳ(λ) dλ ,
Z =
∫ 780 nm
380 nm
Φsr(λ)z̄(λ) dλ . (1.5)
The color-matching functions x̄(λ), ȳ(λ) and z̄(λ) have been dened such that they are every-
where greater than or equal to zero, and such that the ȳ(λ) function is equal to the luminous
eciency function V (λ). Another advantage of the denition is that the chromaticity of a
color can be separated from the information on the brightness, which is included in the XY Z
representation, by introducing the parameters
x =
X
X + Y + Z
, y =
Y
X + Y + Z
. (1.6)
Thus, every color can be represented by a point in the CIE xy chromaticity diagram, as
illustrated in Fig. 1.4. Thereby, the modern RGB color representation, as dened in 1996 by
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Hewlett Packard and Microsoft for use on monitors and printers, is transformed linearly into
the XY Z representation, according to XY
Z
 =
 0.4124 0.3576 0.18050.2126 0.7152 0.0722
0.0193 0.1192 0.9505
 RG
B
 . (1.7)
In the diagram, the point (x, y) = (1/3, 1/3) is known as CIE standard illuminant E. Amongst
others, it describes spectra with a constant spectral power distribution which are perceived as
colorless white.
1.1.3 Light Sources
As already discussed in Sec. 1.1.1, light is an electro-magnetic wave which is visible to the
human eye, i. e. the wavelengths are in the range from about 380 to 780 nm and originate from
electronic transitions in light-emitting ions, molecules or crystals. Consequently, a light-source
can be dened as a material whose electronic system can be excited in a certain way and which
exhibits optical relaxation energies in the range from 1.6 to 3.3 eV. In the sun, the electronic
excitation of the ions in the radiative zone is primarily due to temperature. Therefore, the sun
spectrum can be described approximately by the spectral radiance of a black-body radiator
Rs(λ, T ) =
2hc2
λ5
· 1
ehc/λkBT − 1
, (1.8)
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which is dened as the spectral radiant ux Φsr per solid angle and projected source area (in
units of W /(sr nmm2)) [22]. These spectra are broad and continuous, and their maximal
spectral intensities are described by Wien's displacement law
Tλmax = 2.898 · 106nm K , (1.9)
where the maxima lie in the visible range for temperatures between 3700 and 7600K. In view
of the sun's surface temperature of approximately 5800K, it is hardly surprising then that
the maximum of the sun's spectrum is in the middle of the visible range, at about 500 nm.
The sun's spectrum is perceived by our eyes as white light. Therefore, black-body radiation is
commonly associated with white light and used to dene a couple of light standards like color
temperature, color rendering index or standard illuminants. In Fig. 1.4, the CIE xy coordinates
of black-body radiators with temperatures from 1000 to 25000K dene the black-body curve. A
particularly important point of this curve is the CIE standard illuminant A, which corresponds
to a color temperature of 2856K and chromaticity coordinates (x, y) = (0.448, 0.408). It is the
operating point of common light sources like tungsten incandescent lamps and also known as
the warm white point.
An important issue about articial light sources, i. e. lamps, is their eciency. First of
all, eciency depends on the spectral composition of the emitted light due to the spectral
sensitivity of the human eye as described by the photopic luminosity function V (λ). The ratio
of perceived to emitted light power is expressed as
Φl
Φr
=
∫
λ
V (λ)Φsr(λ)dλ∫
λ
Φsr(λ)dλ
. (1.10)
Secondly, immanent features of the light source dene the radiation yield ηr, i. e. the ratio of
emitted radiant ux Φr to electrical input power Pel. This leads to the denition of luminous
ecacy
ηl =
Φl
Φr
· Φr
Pel︸︷︷︸
ηr
. (1.11)
Thereby, the maximal luminous ecacy of 683 lm/W can be obtained only in case of ideal
monochromatic green light emission at 555 nm, since V(555 nm)= 1. By comparison, a typical
candle has a luminous ecacy of about 0.3 lm/W.3 Common incandescent lamps which produce
light by heating a glowing tungsten lament wire in an evacuated bulb, achieve ecacies of
10 to 20 lm/W depending on the operating temperature which they are designed for. The
operating temperature inuences the overlap of the emission spectrum with the visible range
and hence the ratio of visible light to heat emission, which is the reason why light bulbs designed
for higher electrical power are typically more ecient.4 The great advantage of incandescent
lamps is their spectrally broad and black-body like emission. They show the highest possible
color rendition, the corresponding color rendering index is 100.
In modern uorescent gas-discharge lamps, UV light is emitted from an ionized mercury
vapour of low pressure (typically less than 1Pa) which is electrically excited by high-frequency
3The electrical power Pel, which is used in the denition of luminous ecacy, has to be interpreted here in
chemical terms and can be estimated for instance by the sum of emitted light and heat power.
4In contradiction to that, the European Union has decided to ban high-power light bulbs rst.
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(typically some 10 kHz) alternating currents. The UV light is absorbed and down-converted to
lower frequencies by the lamps interior uorescent coating. Despite the fact that the conversion
causes a considerable loss in photon energy, the overall ecacy of uorescent lamps is still quite
high and reaches up to 100 lm/W. In comparison to incandescent lamps, the color rendition
is poor, but with sophisticated down-conversion coatings, which typically contain around ve
layers, color rendering indices up to 95 can be achieved. There are a couple of dierent concepts
for gas discharge lamps. For instance, the application of sodium vapour instead of mercury
vapour makes the uorescent coating obsolete because sodium emits at 589 nm in the visible
range. However, the sodium emission is spectrally very narrow and the color rendition is very
poor.
Quite a dierent concept for an articial light source was developed by Nick Holonyak Jr.
and coworkers, who in 1962 presented the rst light-emitting diode (LED) with a spectrum in
the visible range. The LED is special in the sense that the electrical excitation of the light-
emitting semiconductor crystal is achieved by directing currents of holes and electrons through
the electronic band structures of the crystal. This allows to sensitively control the excitation and
relaxation processes and to avoid unnecessary heating mechanisms. Accordingly, the obtained
eciencies are impressively high. For instance, in February of 2010, Cree Inc. announced a
record luminous ecacy of 208 lm/W for a white LED with a correlated color temperature of
4579K. There are dierent concepts to produce white light from LEDs. One is the combination
of separately driven LEDs with dierent colors and is used e. g. in active-matrix displays.
Another is the down-conversion of light from a blue LED. The down-conversion works similarly
as in uorescent lamps and is realized by coated phosphor layers of dierent colors. The
disadvantage of down-conversion is that the resulting spectra dier signicantly from black-
body radiation and typically contain more blue light than conventional white-light sources.
Therefore, modern white LEDs are more often based on stack designs with multiple emission
layers, which are sophisticated in terms of development and fabrication. A major drawback
is that LEDs have a strongly directed emission due to the high refractive indices of classical
semiconductor materials (typically around 4) in comparison to air.
The eld of LEDs livened up when it was found that organic materials can show semi-
conducting properties, which are more or less freely tunable due to the vast variety of syn-
thesizable materials. In comparison to classical semiconductors, these organic materials are
typically amorphous and show lower refractive indices (around 2). They can be deposited on
substrates by thermal evaporation in vacuum systems, or by spin coating from solution. This
makes it possible to produce large area thin-lm LEDs which emit diuse and spectrally broad
white light. In terms of eciency, these organic LEDs (OLEDs) stay somewhat behind their
inorganic adversaries. However, the recent years have shown a considerable development which
does not seem to saturate yet. For instance, the lighting company Osram had announced a
record ecacy of 25 lm/W for a white down-conversion polymer OLED in November of 2005.
Six years later, in June of 2011, Osram published a record ecacy of 87 lm/W for a white
OLED based on a three-color small-molecule stack design with a color temperature of 4000K
and a luminance of 1000 cd/m2. At a brightness of 5000 cd/m2, the measured ecacy was still
75 lm/W, which would mean that OLEDs are already competitive with uorescent lamps. How-
ever, besides eciency, another aspect for competitiveness is lifetime, for which Osram made
no specications. Already in May of 2009, the TU Dresden had obtained a record ecacy of
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Figure 1.5: Semiconductors show electric resistivities between the ranges of insulators and
conductors [14].
90 lm/W for a white OLED with an unstable phosphorescent blue emitter. The lifetime of this
OLED, i. e. the time after which the luminance has dropped to 80 % of the initial value, was less
than one hour. But the lifetime problem is solvable, as Novaled, a spin-o company of the TU
Dresden, showed in July of 2011 with the development of a highly stable white OLED, based
on small-molecule thin lms and a reliable uorescent blue emitter. The obtained lifetime was
100 000 hours at a luminance of 1000 cd/m2 and an ecacy of 60 lm/W.
1.2 Semiconductor Materials
Semiconductor materials play a key role in modern electronics, as they are applied in transis-
tors, integrated circuits, solar cells and light-emitting diodes. These materials are special in
terms of electrical conductivity. Typical semiconductor conductivities are in the range from
103 to 10−8 S/cm, which lies between the conductivity regimes of metals and insulators. Clas-
sical semiconducting materials are crystalline solids of silicon (Si), germanium (Ge) or gallium
arsenide (GaAs). But nowadays, a variety of other materials is considered as semiconductors.
One of the characteristics of a semiconductor is that its conductivity shows a strong dependence
on temperature and incident light, which can be explained with the help of the denition of
conductivity
1/ρ = e p µ , (1.12)
where ρ is the electrical resistivity, e the elementary charge, p the concentration and µ the
mobility of free charge carriers. The most important property of a semiconducting material is
that the concentration of free charge carriers can be inuenced by thermal or optical excitation.
This means that electrons can be lifted into higher electronic states where they can propagate
more or less freely through the solid. Moreover, it is characteristic that there is an energy gap
between the ground and the excited states, typically of 1 to 3 eV. At low temperatures and in
the absence of incident light, this energy gap prevents the presence of free charge carriers which
leads to very low conductivity, similar as for an insulator. The origin of the energy gap and
the specics of the charge carrier transport are usually quite dierent for the diverse classes of
semiconducting materials.
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1.2.1 Classical Semiconductors
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Figure 1.6: Energy-band structures of Si and GaAs. Si shows an indirect band gap, whereas
the band gap of GaAs is direct and therefore suitable for optical transitions. The plus (+) and
minus (−) signs indicate holes in the valence band and electrons in the conduction band [15].
In classical semiconductors like Si, Ge or GaAs, the crystallinity leads to broad bands of
electronic states which are delocalized over the periodic lattice. The electrons in these bands
are commonly described by Bloch waves
ψn~k = e
i~k~r · un~k(~r) (1.13)
as plane waves ei~k~r which are modulated by periodic functions un~k(~r) showing the same period-
icity as the lattice potential.5. These Bloch waves describe delocalized eigenstates of continuous
energy bands which are separated by gaps where no eigenstates exist. The corresponding ener-
gies En(~k) are dened by the Schrödinger equation.6 Normally, this leads to complicated band
structures which can be illustrated in the space of wave vectors ~k, as shown in Fig. 1.6 for Si
and GaAs. Most important are the valence and conduction band. At absolute zero (T = 0K),
the valence band is completely lled with electrons, whereas the conduction band is empty,
giving the semiconductor perfectly insulating properties. Due to thermal or optical excitation,
electrons can overcome the gap between the two bands. At room temperature (T = 300K),
the conduction band is typically weakly occupied by electrons which can propagate freely and
accumulate mainly in the band minima. Similarly, the unoccupied states of the valence band
can be regarded as occupied by holes which accumulate in the band maxima (comparable to
air bubbles in water).
5This means that un~k(~r) = un~k(~r +
~R) holds for any vector ~R connecting two lattice points.
6The quantum number n enumerates the electronic bands.
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For the inter-band electron transfer from an initial (index i) to a nal state (index f), the
wave vectors have to fulll the condition
~kf = ~ki + ~K , (1.14)
where ~K is an additional wave vector which in principle can be provided by light waves or lattice
vibrations (in terms of quantum theory by photons or phonons) or by scattering at impurities.
However, optical light wavelengths exceed the lattice constants of typical semiconductors by
several orders of magnitude, which means that the wave vectors attributed to photons are
negligible. Signicant contributions come from phonons which are thermally activated. Hence,
thermal excitation takes place between arbitrary wave-vector combinations, whereas optical
excitation and recombination occurs predominantly between the states of one and the same
wave vector ~k. Due to the importance of optical transitions, semiconductors are classied
according to their band gaps as direct and indirect. For instance, Si shows an indirect band gap
of about 1.12 eV between the valence-band maximum at the Γ point and the conduction-band
minimum close to the X point in ~k-space. By comparison, GaAs shows a direct band gap of
about 1.42 eV between the valence-band maximum and the conduction-band minimum, both
at the Γ point.
Besides this qualitative description, it is instructive to describe the concentrations of free
charge carriers also in mathematical terms. For this, it is common to introduce the chemical
potentials EF,e and EF,p which, strictly speaking, are dened as derivative of the total system
energy with respect to the number of particles. However, in semiconductor physics it is common
to assume that the energetic distribution of holes and electrons is describable by Fermi-Dirac
statistics. Therefore, EF,e and EF,p are also denoted Fermi energies and are unambiguously
dened by the concentrations of electrons and holes according to the integrals
n(EF,e) =
∫
c
gc(E)fe(E,EF,e)dE , p(EF,p) =
∫
v
gv(E)fh(E,EF,p)dE , (1.15)
where the integration has to be performed over all energies of the conduction (index c) and
valence (index v) band, respectively. The terms gc(E) and gv(E) describe the density of states
(DOS) of the conduction and valence band, and the Fermi-Dirac distributions for holes and
electrons are given by
fe(E) =
1
exp
(
E−EF,e
kBT
)
+ 1
, fh(E) =
1
exp
(
EF,p−E
kBT
)
+ 1
. (1.16)
The description of charge-carrier distributions according to Fermi-Dirac statistics is valid only
when the distributions are in steady state with regard to thermal activation and relaxation
processes, in other words when they are thermally relaxed. For a fully thermally relaxed semi-
conductor, the chemical potentials of electrons and holes coincide and dene a unique Fermi
level EF . By contrast, under optical or electrical excitation, the actual distributions of the
excited charge carriers are not necessarily Fermi-Dirac like. However, commonly they are, in
case of steady-state conditions and provided that intra-band relaxation is much faster than
inter-band relaxation. The latter condition is usually fullled since fast intra-band relaxation is
guaranteed by scattering at impurities and at phonons which deform the crystal and the lattice
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potential. Then, the denition of chemical potentials for holes and electrons stays physically
meaningful, but there exist separate potentials for holes and electrons. In case of thermally
non-relaxed distributions, it is common to avoid the term chemical potential and to replace
it by the term quasi-Fermi level. Since non-relaxed distributions typically resemble thermally
relaxed distributions of higher temperatures, they are also called hot distributions.
Semiconductors in Equilibrium State
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Figure 1.7: (a) Face-centered cubic lattice of Si in real space. The basis consists of two
atoms (black and red)  one situated at the origin (0, 0, 0) and the other on the diagonal
from the origin to the (1, 1, 1) point, at (a/4)(1, 1, 1). (b) Body-centered cubic lattice of Si
in reciprocal space. The black ellipsoids on the axes from the origin (Γ) to the six X points
illustrate constant energy surfaces close to the conduction band minima of Si [16].
We continue with the simplest case of a fully thermally relaxed semiconductor. For the
evaluation of the integrals 1.15, it is common to approximate the conduction band minimum
and valence band maximum which occur along an axis ~k = k · ~ek by parabolic dispersion
relations
Ec(k) =
~2k2
2me
, Ev(k) =
~2k2
2mh
. (1.17)
Thereby, me and mh dene the eective masses of electrons and holes, which leads back from
the wave to a corpuscular interpretation of the charge carriers. In exact terms, the inverse
eective mass of electrons and holes is dened as a tensor(
1
me/h
)
ij
= ± 1
~2
∂2En(~k)
∂ki∂kj
, (1.18)
for a wave vector ~k of a given band n. Such a general denition is necessary because the band
structures of common semiconductors are quite complex. For instance in case of Si, neither the
eective mass of the valence band maximum at the Γ point, nor the eective mass attributed to
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the six conduction band minima on the axes from the Γ to the X points are isotropic. In fact, the
eective mass attributed to the valence band is frequently approximated as isotropic, but the
situation stays non-trivial because the valence band is two-fold degenerate (see Fig. 1.6) and the
two subbands dene two dierent eective masses for holes.7 By comparison, the conduction
band minima are not degenerate. However, for those, the anisotropy is more pronounced,
and there exist two main axes, one along and one transverse to the axis from the Γ to the X
point, dening the longitudinal mass me,l = 0.98m0 and the transverse mass me,t = 0.19m0
(illustrated by the prolate spheroids in Fig. 1.7(b)).
Fortunately, it is often possible to average the various inuences and to idealize the band
structure as a single valence band maximum and a single conduction band minimum with
adapted eective masses. For the idealized case, one can approximately derive the concentration
of electrons in the conduction band
n = 2
(
mekBT
2π~2
)3/2
︸ ︷︷ ︸
Nc
· exp
(
−Ec − EF
kBT
)
(1.19)
and the concentration of holes in the valence band
p = 2
(
mhkBT
2π~2
)3/2
︸ ︷︷ ︸
Nv
· exp
(
−EF − Ev
kBT
)
(1.20)
from Eqs. 1.15− 1.17 [16]. In Eqs. 1.19 and 1.20, the terms Nv and Nc dene the so-called
eective state densities for valence and conduction band as temperature-dependent quantities.8
These formulas for the concentrations of electrons and holes are derived under the assumption
that the Fermi energy is far away from the band extrema with respect to kBT (approximately
25meV at room temperature).9 In intrinsic semiconductors, i. e. semiconductors free from
impurities and dopants, the Fermi energy is situated around the middle of the band gap. The
exact position can be calculated from the charge neutrality condition n = p and is given by
EF =
Ec + Ev
2
+
kBT
2
ln
Nv
Nc
. (1.21)
In semiconductor industry, it is common to manipulate the Fermi level by directed doping with
impurities which inuence the amount of free charge carriers. For instance, silicon crystals can
be easily doped by phosphorus atoms, which have approximately the same size as the replaced
silicon atoms. The phosphorus atom has ve valence electrons, i. e. one more than the replaced
silicon atom. Hence, it can participate in the covalent bonds with the four neighboring silicon
atoms and additionally provide an electron to the conduction band. In other words, phosphorus
acts as an electron donor in the silicon crystal. The donated electron is not completely free but
7The mass of the so-called heavy holes is mh,h = 0.49m0 and the mass of the light holes is mh,l = 0.16m0,
where m0 denotes the mass of the free electron.
8As an example, for Si at room temperature (300K) holds Nc = 2.8 · 1019 cm−3 and Nv = 1 · 1019 cm−3.
9This is known as Boltzmann approximation.
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bound in terms of the Coulomb interaction with the phosphorus core. In quantum theory, this
is commonly described as a pseudo-hydrogen atom by the Hamiltonian
H = − ~
2
2me
∇2 − e
2
4πε0ε r
, (1.22)
where r denotes the distance between the negatively charged electron and the positively charged
phosphorus core and ε0ε the dielectric constant. The solution of the Schrödinger equation yields
the energy eigenvalues
En =
me
m0 ε2
E1,H
n2
, (1.23)
wherem0 denotes the free electron mass and E1,H the ground state energy of the hydrogen atom
in vacuum, which is −13.6 eV. For silicon, the adapted eective electron mass is approximately
0.4m0 and ε is 11.7, leading to a binding energy of about 40meV, which is less than 2 kBT at
room temperature.
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Figure 1.8: Graphical solution of the neutrality condition n = N+D + p for n-doped Si
with doping concentrations from 108 to 1020 cm−3 [15]. The Fermi levels are given by the
intersections (marked by arrows) of the terms from the left side (n) and the right side (N+D+p)
of the equation. It should be noted that the Fermi level shifts from the middle of the band
gap Eg/2 at 0.56 eV to the donor level ED at 1.08 eV and the conduction band minimum Ec
at 1.12 eV.
As mentioned above, doping inuences the Fermi level. The exact position of the Fermi
level in n-doped Si can be derived from the charge neutrality condition n = N+D + p
Nc · exp
(
−Ec − EF
kBT
)
︸ ︷︷ ︸
n
= ND ·
1
2 exp
(
EF−ED
kBT
)
+ 1︸ ︷︷ ︸
N+D
+Nv · exp
(
−EF − Ev
kBT
)
︸ ︷︷ ︸
p
. (1.24)
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In this equation, the concentrations of electrons n and holes p are described by the approximate
formulas of Eqs. 1.19 and 1.20. For the concentration of ionized donors N+D , the Fermi integral
as given by Eq. 1.15 is applied. The factor 2 in the denominator takes into account that the
donor is accessible only for one of the two electron-spin orientations. The resulting Fermi
levels in n-doped Si at room temperature for doping concentrations from 108 to 1020 cm−3 are
determined in Fig. 1.8, which illustrates a graphical solution of Eq. 1.24. In this gure, the
Fermi levels are given by the intersections of the terms from the left side (n) and the right side
(N+D +p) of Eq. 1.24 and marked on the axis of abscissae. We see that the Fermi level rises with
the doping concentration, from the middle of the band gap to the energy levels of the donor
and the conduction band. The highest doping concentration of 1020 cm−3 is physically little
meaningful since it exceeds the eective state density of the conduction band, which would
destroy the Si lattice, and since the concentration of electrons is not described correctly by
Eq. 1.19 in this case. However, it shows that in principle it is possible to push the Fermi level
above the donor energy ED at 0.04 eV below the conduction band minimum Ec. Moreover,
it can be noticed that the concentration of free holes p is negligible as long as the doping
concentration is higher than the concentration of intrinsic charge carriers ni, which is about
3 · 109 cm−3 for Si at room temperature and dened by
n2i = NcNv exp
(
− Eg
kBT
)
. (1.25)
The Light-Emitting Diode
The engineering of Fermi levels via doping plays a key role in typical semiconductor applications.
One of the simplest devices is the pn-diode, a two-layer device of p- and n-doped semiconductors.
Within the two layers, the Fermi level is pinned due to doping. In the p-doped layer, the Fermi
level is close to the valence band, whereas it is close to the conduction band in the n-doped
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Figure 1.9: pn-junction. Left: At zero bias, recombination and generation are locally
balanced and the net current is zero. Right: When an external bias is applied, electrons and
holes are forced into the depletion region of the pn-junction, which enhances the recombination
and leads to a net current over the device.
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layer. At the pn-junction, the contact of free holes and electrons causes recombination which
creates a depletion region where the charge-carrier concentrations of holes and electrons fall by
several orders of magnitude below their equilibrium concentrations within the individual layers.
In this region, the electric eld originating from the ionized dopants is no longer compensated
by free charge carriers, which creates an electric potential  the so-called built-in potential eVbi.
Consequently, the local vacuum level as well as conduction and valence bands bend. This is
illustrated in the left plot of Fig. 1.9 showing the local energies of holes and electrons in the case
when no external bias is applied. The created electric potential is compensated by the change of
the chemical potential with respect to the vacuum level, leading to a at-lying electro-chemical
potential EF . This involves the local balance of recombination and generation between valence
and conduction band. When additionally an external bias Vext is applied, the electro-chemical
potentials on the left and right side of the pn-diode dier by eVext, as illustrated in the right
plot of Fig. 1.9. Then, electrons from the n-doped layer and holes from the p-doped layer are
forced into the depletion region, which increases the recombination and leads to a net current
over the device.
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Figure 1.10: A typical blue LED on the basis of GaN. In the stack, electrons and holes are
guided into a thin intrinsic recombination layer of InGaN and conned there by large energy
barriers at the interfaces to the blocking layers of AlGaN. An exciton transfer from the InGaN
layer to the blocking layers is improbable due the larger band gap of AlGaN. (Stack and band
gap of InGaN after [17], band gap of AlGaN after [18].)
It is then straightforward to exploit this mechanism for light creation. For this, there
are two main problems to be solved. The rst problem is that the electron and the hole
which meet to recombine have to exhibit the same wave vector. In other words, a direct band
gap is required which also has to have a suitable energy for optical transitions. The second
problem is that the recombining electron-hole pair is bound in terms of Coulomb interaction
and forms a temporarily stable compound, called exciton, which is delocalized over several
lattice constants and can be quenched by various non-radiative processes. For instance, it can
decay by accelerating free charge carriers or by ionizing dopants. Therefore, it is not preferable
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to have the recombination zone close to a highly doped layer because the charge neutrality and
temporal stability allow the excitons to penetrate into the doped layers by diusion, where they
decay non-radiatively.
These problems are solved in modern hetero structures combining multiple electrically doped
as well as intrinsic layers of dierent band gaps. A typical design for a blue LED on the basis of
gallium nitride (GaN) is shown in Fig. 1.10. The stack is a p-i-n structure, or more precisely a
p-p-i-n-n structure. The electrically doped GaN layers next to anode and cathode are heavily
doped, and the charge-carrier concentrations within these layers are very high. The following
aluminium gallium nitride (AlGaN) layers have large band gaps and are only weakly doped,
which leads to injection barriers at the interfaces between the GaN and AlGaN layers. In
the middle of the stack, there is an intrinsic layer of indium gallium nitride (InGaN) with a
band gap of about 3.3 eV which is suitable for the emission of blue light. As sketched in the
energy diagram in the inset of Fig. 1.10, electrons and holes have to overcome energy barriers
at the interfaces between the dierent layers and recombine in the center layer of InGaN. The
mobility in the InGaN layer is relatively high since it is free from impurities like dopants which
could cause charge-carrier scattering. Thus, the recombination in this layer is very ecient.
Moreover, electrons and holes do not have other options than to recombine because they are
blocked and conned by large energy barriers at the interfaces between InGaN and the following
AlGaN layers. Also the exciton transfer into the AlGaN layers is improbable due to their large
band gap. It should come as no surprise, then, that these layers conning the recombination
zone are frequently denoted as blocking layers.
1.2.2 Organic Semiconductors
Aside from classical semiconductors with crystalline lattices based on covalent sp3 or ionic
bonds, there are a variety of carbon compounds which show semiconducting properties. These
so-called organic semiconductors are small molecule or polymer compounds, of which the carbon
atoms form on the one hand strong covalent bonds by sp2 hybridization and on the other hand
delocalized molecular orbitals by the coupling of atomic pz orbitals. A typical building block of
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Figure 1.11: (a) σ and (b) π bonds in benzene, (c) schematic symbol of benzene. The sp2
orbitals of carbon form strong covalent σ bonds in the plane of the benzene ring, whereas the
pz orbitals of carbon couple by weaker π bonds and form delocalized molecular orbitals [21].
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these materials is the benzene ring. As illustrated in Fig. 1.11, the six carbon atoms of benzene
are connected in a planar ring structure by σ bonds between sp2 orbitals. Perpendicular to
this plane, there are six pz orbitals coupled by π bonds. The coupling of the pz orbitals
creates a delocalized π system with low excitation energies. The lowest excitation energy can
be attributed to a change in the angular momentum of a π electron in the ring and shall be
estimated from the Schrödinger equation
− ~
2
2m0R2
d2ψ(ϕ)
dϕ2
= Enψ(ϕ) , (1.26)
where ϕ is the angle in the plane of the benzene ring, m0 the electron mass and R the radius
of the ring, which is approximately the C-C distance of about 1.4 Å. The solution of Eq. 1.26
leads to a lowest excitation energy ∆E1→2 = [~2/(2m0R2)] · (22− 12) of about 5.8 eV and a cor-
responding transition wavelength of 210 nm [22]. By comparison, the experimentally observed
absorption maximum of benzene lies at around 255 nm [23]. A detailed quantum theoretical
analysis shows that the coupling of the six pz orbitals in the carbon ring results in three bonding
and three anti-bonding molecular orbitals separated by an energy gap, as sketched schemati-
cally in Fig. 1.12 (a). In the ground state, the bonding orbitals are occupied by the six electrons
from the carbon pz orbitals whereas the anti-bonding orbitals are empty. Thus, the situation
is quite similar to the case of classical semiconductors where the valence band was completely
occupied by electrons and separated from the empty conduction band by an energy gap. In
other words, the bonding π orbitals correspond to the valence band and the anti-bonding π∗
orbitals to the conduction band of classical semiconductors. Moreover, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) correspond
to the extrema of valence and conduction band. The existence of HOMO and LUMO is nec-
essary but not sucient to guarantee semiconducting properties. To obtain such properties,
the gap between HOMO and LUMO has to be further reduced towards the optical range and
charge-carrier transfer between dierent molecules has to be realized. The reduction of the
excitation energies is easily achieved by synthesizing larger molecules with vast π systems. For
instance, pentacene combines ve benzene rings and is a deep-blue poly-crystalline organic
semiconductor which absorbs most of the optical spectrum due to its small HOMO-LUMO gap
of about 2 eV (the absorption maximum is at 580 nm [23]). Pentacene molecules crystallize into
solids because of the van-der-Waals interaction between the π systems of dierent molecules
and due to the planarity of the molecules which allows an oriented stacking. Similarly as for
classical semiconductors, the crystallinity leads to delocalized electronic states expanding over
the organic crystallites and to high conductivity.
Besides crystalline materials like pentacene, there exist also amorphous organic semiconduc-
tors, which show rather low conductivities because the charge-carrier transport in these ma-
terials can only be realized by thermally activated tunneling processes between the π systems
of neighboring molecules. Amorphous materials are commonly not completely disordered, be-
cause often there exists a preferred orientation around which the actual orientations of molecules
vary. The molecular orientations inuence the van-der-Waals interaction between neighboring
molecules and thereby the perturbation of HOMO and LUMO energies. As the orientations
randomly vary around the preferential direction, this leads to Gaussian energy distributions
for HOMO and LUMO levels, as sketched schematically in Fig. 1.12 (b). This holds also true
when there is no preferential direction for the relative molecular orientations, as it is the case
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Figure 1.12: (a) Energy levels of bonding and anti-bonding molecular orbitals which are
created by the coupling of the 6 pz and 18 sp2 orbitals of the 6 carbon atoms in benzene [21].
(b) Random perturbations of the molecular orbitals lead to Gaussian distributions for the
HOMO and LUMO energies. For the charge-carrier transport in these distributions, there
exists an optimal energy level, the so-called transport level.
for centro-symmetric molecules like C60. The reason is that there are many random perturba-
tions for the HOMO-LUMO energies which result from uctuating lattice polarizations, varying
distances between neighboring molecules, or from uctuations of molecular properties like seg-
ment lengths or dipole moments. Also poly-crystalline materials like pentacene commonly show
Gaussian disorder since the discrete energies of valence and conduction band inside the crystal-
lites are perturbed by similar uctuations, especially at the grain boundaries. Thus, Gaussian
disorder is typical for organic semiconductors in general and is described by a Gaussian density
of states
N(E) =
Nst√
2πσ2
· exp
[
−(E − E0)
2
2σ2
]
, (1.27)
where Nst denes the total amount of states per unit volume, E0 the center and σ the width of
the Gaussian function.
Charge-Carrier Transport
The charge-carrier transport in the disordered energy landscape of organic semiconductors is
a complex process and can be modeled only numerically by laborious simulation techniques.
Commonly, these numerical methods describe the transport from molecule to molecule as a
thermally activated tunneling process by Miller-Abrahams hopping rates [19]
ri,j = ν0 exp (−2di,j/lloc)︸ ︷︷ ︸
tunneling
·
{
exp (−(Ej − Ei)/kBT ) , Ej > Ei
1 , Ej ≤ Ei
, (1.28)
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where ν0 is an intrinsic rate which is sometimes called attempt-to-jump frequency, di,j is the
inter-site distance, lloc the localization length of the wave functions under consideration and Ei
the on-site energy of site i. The hopping rate ri,j in Eq. 1.28 depends on the one hand on the
spatial and on the other hand on the energetic distance between the initial (i) and nal (j)
state of the transition process. Energetically, it would be preferable to move towards the tails
of the Gaussian DOS. However, this would enlarge the hopping distance since there are fewer
states at the outer energies. By comparison, in the center of the Gaussian DOS, the transport
sites are closely packed but energetically unfavorable. Thus, it is plausible that an energy level
exists where the charge-carrier transport is most probable. Furthermore, it has been shown via
transitions between dierent simulation models that it is possible to project the transport onto
a single energy level, the so-called transport level (sketched in Fig. 1.12 (b)). Such transitions
shift the specics of the transport in the disordered energy landscape onto eective functions for
charge-carrier mobility which then depend on various variables describing the Gaussian disorder
as well as the local carrier concentrations and the electric eld. Moreover, it has been shown that
the energetic position of the transport level within the DOS can be regarded as independent
of the charge-carrier concentration when the concentration is about 1% of the site density
or less. Thus, the denition of transport levels allows to illustrate complicated conduction
mechanisms in organic semiconductor devices by means of simple one-dimensional (1D) energy
diagrams, similarly to the case of classical semiconductor devices where the transport levels
were associated with the extrema of conduction and valence band.
In analogy to classical semiconductors, the concentration of charge carriers in the Gaussian
DOS is dened by the Fermi integral, e. g. for electrons as
n =
Nst√
2πσ2
∫ ∞
−∞
exp
(
−(E − E0)
2
2σ2
)
1
exp [(E − EF )/(kBT )] + 1
dE . (1.29)
And again, it is possible to approximate the number of charge carriers for the case of small
carrier concentration when the Fermi level is far away from the center of the DOS. This is
shown in Appendix A.1 and leads to
n ≈ Nst exp
(
−
E0 − σ
2
2kBT
− EF
kBT
)
. (1.30)
Thus, we obtain an eective energy level for the LUMO distribution
ELUMOeff = E0 −
σ2
2kBT
, (1.31)
which could be associated with the transport level. However, it should rather be interpreted as
an equilibrium level for the Boltzmann approximation.10
10The discussion of the transport in a Gaussian DOS will be continued in Chapter 2.
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Electrical Doping
The analogy of classical and organic semiconductors holds also in terms of electrical dopability.11
A variety of molecular but also atomic dopants are suitable to provide free charge carriers to the
HOMO or LUMO distributions of organic semiconductors. For instance, common molecular
p-dopants are carbon-uorine compounds. Fluorine has the highest electron anity of any
element but chlorine and is one of the strongest oxidizing agents known. It can easily replace
hydrogen in hydrocarbon compounds and therefore can be positioned at the surface of the
dopant where it attracts electrons of surrounding molecules. The charge transfer from the
dopant to the matrix molecules is often described by the equation
M + M̃A
M +
[
M̃+A−
]

M+ + M̃A− , (1.32)
where M is a random matrix molecule and M̃ a matrix molecule next to an acceptor dopant
A [24]. The equation says that matrix and acceptor molecule reduce their system energy by
creating a charge-transfer complex
[
M̃+A−
]
which can dissociate by electron transfer from
other matrix molecules to the positively charged M̃+ molecule in the complex. This releases a
hole which hops on the matrix molecules away from the ionized complex M̃A−. The dissociation
energy, which has to be provided to draw the hole away from the acceptor molecule A− in the
charge-transfer complex, can be estimated from the Coulomb potential
Ediss =
1
4πε0ε
e2
dCT
, (1.33)
where dCT is the eective distance between the positive and negative charge on the charge-
transfer complex and can be approximated by some C-C distances of about 1.4 Å. For instance,
dCT = 1 nm and ε = 3 would yield a dissociation energy of 0.48 eV, which is about 10 times
higher than the activation energy of dopants in Si, as discussed in the previous section. Thus,
in comparison to classical semiconductor materials, the doping of organic semiconductors is less
ecient and the doping concentration has to be chosen considerably higher when equivalent
carrier concentrations shall be accomplished.
Recombination
The high dissociation energies mainly result from the strong Coulomb interaction in organic
semiconductors due to the relatively low dielectric constants which are typically close to 3. This
inuences not only the activation of dopants but also the recombination of electrons and holes,
because the dissociation energy as expressed in Eq. 1.33 is also a measure for the exciton binding
in organic semiconductors. Unlike classical semiconductors where excitons are delocalized over
several lattice constants, excitons in organic semiconductors are localized on molecules, as
illustrated in Fig. 1.13. The Coulomb attraction inside the exciton contorts the molecular
potential and reduces the HOMO-LUMO gap of the molecule. Thereby, the deformation of the
11It is noted that two dierent doping processes are distinguished  the so-called electrical doping by electron
donors or acceptors and the doping by emitter molecules.
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Figure 1.13: Comparison of excitonic states in classical and organic semiconductors. In
classical semiconductors, Wannier-Mott excitons are delocalized over several lattice constants.
They reach radii of 10 nm and show low binding energies of some 10meV. By comparison,
in organic semiconductors, Frenkel excitons are predominantly localized on molecules and
show higher binding energies of some 100meV. Those dierences for excitons in organic and
classical semiconductors are mainly the result of dierent dielectric constants (around 3 for
organic semiconductors and around 10 for inorganic semiconductors).
molecular potential creates a kind of repulsion which counteracts the Coulomb attraction and
temporarily stabilizes the exciton.
For the stability of the exciton, it is furthermore relevant how the spins of the recombining
hole and electron couple. Both are spin 1/2 particles, i. e. there are two conceivable spin
orientations for each particle and 2× 2 mixing possibilities. There is one combination leading
to a singlet state with total spin S = 0 and three combinations leading to triplet states with
total spin S = 1. As the ground state of a molecule with an even number of electrons is a singlet
state, the transition to the ground state under the premise of spin conservation is only allowed
for singlet excitons. Therefore, the lifetimes of triplet excitons are typically considerably higher
than the lifetimes of singlet excitons. As an example, the singlet lifetime of Tris(8-hydroxy-
quinolinato)aluminium (Alq3) is 12 ns whereas its triplet lifetime is in the range of 10µs. In
Alq3, singlet excitons decay radiatively whereas triplet excitons are quenched, e. g. by phonons.
However, radiative relaxation of triplet excitons can occur as well when the excited triplet and
singlet states are mixed. This is achieved in molecules with heavy metal atoms which create a
strong spin-orbit coupling. Typical representatives are iridium compounds. It is not astonishing
then that radiative recombination of singlet and triplet excitons is carefully distinguished, and
termed as uorescence and phosphorescence.
Moreover, excitons can be transferred between molecules by resonant dipole interaction (so-
called Förster transfer) or due to the wavefunction overlap of neighboring molecules (so-called
Dexter transfer). Förster transfer is a long-range transfer which is relevant up to a distance
of 2 to 10 nm and takes place when molecules get polarized in the dipole eld of the exciton
and resonantly couple by dipole-dipole interaction. Thereby, the molecular spins are conserved,
which means that Förster transfer only enables the propagation of singlet excitons. By contrast,
in Dexter transfer not the individual spins but the total spin of the two molecules which are
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involved in the transfer is conserved. Thus, Dexter transfer allows singlet and triplet transfer.
For the short living singlet excitons, Dexter transfer is less signicant than Förster-transfer, due
to the shorter interaction range. However, the long living triplet excitons cope with the short
interaction range of Dexter transfer. Eectively, the propagation of excitons can be described
by the diusion equation
∂χ
∂t
= G− χ
τ
−D∂
2χ
∂x2
, (1.34)
where χ describes the local exciton concentration, G the generation rate, τ the lifetime and D
the diusion coecient of excitons.
1.3 Organic Light-Emitting Diodes
First attempts to obtain electroluminescence from organic semiconductors were based on an-
thracene crystals emitting bright blue spectra around 400 to 500 nm [2628]. Typically, several
hundred volts had to be applied to these crystals because of high contact resistances and the
diculty to fabricate very thin layers. One crucial step for the reduction of driving voltage of
these single-layer anthracene OLEDs was the thin-lm preparation under vacuum conditions,
which was introduced by Vincett et al. in 1982 [29]. At about the same time, a change of OLED
materials was made possible by the development of highly conductive and emissive polymers
which could be deposited as thin lms by simple spin-coating from solution [30]. Besides poly-
mers, a variety of dierent, typically smaller, organic molecules were developed or identied as
relevant for OLEDs. Those materials are termed small molecules and set the basis for the rst
multi-layer OLED, which was presented by Tang and Van Slyke in 1987 [31]. It was a two-layer
structure achieving a luminous eciency of 1.5 lm/W at a brightness of 100 cd/m2, and it was
composed of layers of diamine and Alq3 which were deposited under vacuum conditions. The
multi-layer concept was benecial, because it allowed a precise denition of the recombination
zone at the hetero-junction within the micro-cavity by adjusting the layer thicknesses. More-
over, it enabled an ecient and balanced charge injection at the electrodes, since the HOMO
and LUMO positions could be optimized by choosing dierent materials. In the following years,
techniques for multi-layer deposition of polymers were developed as well, and a competition
between polymer and small molecule OLEDs started. In terms of eciency, this competition
seems to be won by small molecule devices because the applied vacuum-deposition technique
allows to build complex multi-layer structures of well-dened and homogeneous thin-lms. By
comparison, multi-layer deposition of polymers from solution is complicated because underlying
layers which have been deposited before tend to dissolve during the process. However, poly-
mer OLEDs are much simpler and cheaper in terms of production and therefore interesting for
low-cost large-area applications.
In the following, we will concentrate on small-molecule OLEDs. Typically, these are com-
posed of ve dierent organic layers and more and based on an immense variety of dierent
materials.
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1.3.1 The p-i-n Diode
One of the most popular designs for an ecient small-molecule OLED is the p-i-n structure
which is based on electrically doped layers guaranteeing ecient and balanced injection of
holes and electrons.12 Fig. 1.14 illustrates schematically the energy levels for hole and electron
transport in a typical p-i-n structure containing three intrinsic layers between the p- and n-
doped layers. The electrically doped layers are benecial because they dene the concentration
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Figure 1.14: Energy-level scheme for hole and electron transport in a p-i-n diode. The black
arrows at the contacts illustrate the thermally assisted tunneling injection into the electrically
doped layers. Typically, holes and electrons have to overcome some smaller energy barriers
(marked red) until they recombine (black arrows) in the center layer where they are conned
by large energy barriers at the interfaces to the blocking layers.
of charge carriers and thus the Fermi levels at the boundaries of the device. Ecient injection
into these layers occurs via thermally assisted tunneling through the thin Coulomb barriers of
the depletion regions at the metal contacts. In case an external bias is applied, the injected holes
and electrons can propagate over the small energy barriers at the interfaces to the following
intrinsic layers up to the center layer where they recombine eciently since they are conned
by large energy barriers at the interfaces to the blocking layers. At zero bias, a constant electro-
chemical potential in the device is established by charge transfer between the p- and n-doped
layers. This creates a built-in potential which is characteristic for the p-i-n layer sequence and
nearly independent of the metal work functions.
12Sequence of p-doped, intrinsic and n-doped layers. A similar structure has already been introduced for
inorganic LEDs in Sec. 1.2.1.
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1.3.2 Top and Bottom Emission
From an electrical point of view, the choice of metal contacts seems rather irrelevant for a
p-i-n diode, since the thermally assisted tunneling into the electrically doped layers works
suciently well for most of the contact materials. However, the surrounding metal contacts
create an optical cavity and therefore play an important role in terms of light outcoupling. In
this respect, there are two main device concepts. The conventional one is the concept of bottom
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Figure 1.15: The quantum yield of bottom- and top-emitting p-i-n OLEDs as a function of
the thickness of the n-doped layer, calculated by optical simulations [32]. Absolute numbers for
the electrical and non-radiative losses were obtained by comparison with the external quantum
eciencies of real OLEDs. It should be noticed that top-emitting OLEDs typically exhibit
stronger cavity eects and a stronger forward emission in comparison to bottom-emitting
OLEDs.
emission. Thereby, the organic p-i-n structure is built on a transparent indium-tin oxide (ITO)
layer13 on a glass substrate and covered by a high-reective metal top-contact. The light eld
which is created inside such a structure is coupled to dierent modes. For instance, there are
wave-guided modes in the cavity between the metal contacts, plasmonic modes at the surface
of the metal contacts, and moreover there are modes in the glass substrate due to the mismatch
of the refractive indices of glass (about 1.5) and air (about 1). As illustrated in Fig. 1.15(a), an
increase of the distance between the reective cathode and the recombination layer reduces the
plasmonic eects but increases the cavity modes which leads to a more directed emission into the
forward hemisphere. However, cavities of bottom-emitting OLEDs are commonly optimized to
13There exist also alternatives for transparent bottom-metal contacts such as PEDOT:PSS or silver nanowires.
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the rst emission maximum, which means that the cavity is short and the emission is typically
Lambertian like, i. e. diuse with a spectral radiant intensity being proportional to the cosine
of the emission angle
Isr(λ, θ) = Isr(λ, θ0) cos(θ) , (1.35)
where Isr(λ, θ0) is the spectral radiant intensity perpendicular to the substrate surface. This
means that the luminance is independent of the viewing angle, as illustrated in the bottom-left
sketch of Fig. 1.15. For the ideal Lambertian emitter with a refractive index n, the maximal
light outcoupling is given by 1/(2n2), which is close to 20 % for typical organic materials [33].
The second concept is the concept of top emission. The main reasoning for top emission
is the possibility to fabricate OLEDs on metal foils without the need of a glass substrate.
Thereby, the p-i-n structure is built directly on a high-reective metal contact and covered by a
thin metallic top-contact which is semi-transparent and commonly covered with an additional
organic layer to improve the light-outcoupling [34]. Then, the substrate modes are suppressed,
but typically more light is coupled to plasmonic and wave-guided modes, which leads to a
stronger forward emission in comparison to bottom-emitting OLEDs.
1.3.3 External Quantum Eciency
Aside from the luminous eciency ηl, as dened by Eq. 1.11, another important quantity which
describes the eciency of OLEDs is the external quantum eciency ηeqe. It is a measure of how
eciently the injected charge carriers form excitons and generate photons that are outcoupled
from the cavity. The basic dierence to the luminous eciency is that the external quantum
eciency does neither consider the energies of injected charge carriers nor the energies of
generated photons, i. e. it does not account for the energy losses which result from the mere
transport of holes and electrons or from the formation of excitons. Moreover, it is not related
to the sensitivity of the human eye.
To dene the external quantum eciency, it needs rst to be claried which of the injected
charge carriers recombine in the device. In a p-i-n device, it is not possible that charge carriers
pass the device without recombining because of the doped layers at the boundaries. Therefore,
it is obvious that under steady-state conditions the injection currents of holes and electrons
have to be equal because unbalanced injection currents would augment the internal charge,
which would contradict to the steady-state condition. Thus, the external quantum eciency
can be dened as the ratio between the current of emitted photons Iph and the current of
injected electrons Ie.14
ηeqe =
Iph
Ie
= ηout · ηiqe (1.36)
This can be further specied. First of all, the fraction of emitted to generated photons is
described by the outcoupling eciency ηout. As already mentioned in the previous paragraph,
ηout describes optical loss mechanisms and is dened by various quantities such as the emission
characteristics of the emitters, the features of the cavity and the refractive indices of the layers
in the cavity. Secondly, the ratio of generated photons to injected electrons is described by the
internal quantum eciency ηiqe which denes the fraction of radiatively recombining electrons.
14In the sense of particle currents, without the consideration of charge or energy.
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This means that on the one hand the internal quantum eciency depends on the emitter quality,
i. e. on the ratio of radiative to non-radiative recombination on the emitter, and on the other
hand it depends on the charge-carrier balance in the p-i-n structure, i. e. on the fraction of
electrons which form excitons that recombine on the emitter and not elsewhere.
1.3.4 White OLEDs
As discussed in Sec. 1.1.3, we perceive light as white when the light spectrum is broad and cov-
ers the whole visible range. For OLEDs, this means that typically dierent emitter materials
have to be combined, for which dierent concepts have been developed. For instance, white
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Figure 1.16: Three designs for ecient white OLEDs. (a) A hybrid design after Schwartz et
al. [39] combining a uorescent blue with phosphorescent red and green emission layers. Flu-
orescent and phosphorescent layers are separated by an ambi-polar interlayer of high triplet
energy to prevent exciton transfer to the non-radiative triplet states of the uorescent blue
emitter. (b) A fully phosphorescent design after Reineke et al. [35]. On a high-refractive-
index substrate with pyramidal light extraction structures, the authors obtained a luminous
eciency of 90 lm/W. The future potential of this stack depends on whether a stable phos-
phorescent blue emitter will be found. (c) A stacked double p-i-n design after Rosenow et
al. [36]. In the bottom p-i-n structure, parts of the triplet excitons from the uorescent blue
emitter with high triplet energy are transferred to the phosphorescent red emitter. In the
top p-i-n structure, phosphorescent green and yellow emitters are mixed in a single emission
layer. Applying a macroextractor, the authors achieved a luminous eciency of 90 lm/W.
light can be generated by down-converting the light of a monochrome blue OLED. Thereby,
organic layers which are capable of absorbing blue light and emitting light of longer wavelength
are placed on the top of a blue OLED. This concept is benecial in terms of simple fabrication
and color stability. However, it requires a reliable and highly ecient blue OLED which has
not been realized yet, since no stable ecient blue emitter is known.15 There are stable uores-
cent blue emitters which are not convenient for down-conversion due to their low eciencies,
15At least in literature.
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typically around 25 %, and instable phosphorescent blue emitters with high quantum yields,
typically around 80 %, which are unsuitable due to their low lifetime. On the other hand, there
exist phosphorescent red and green emitters which are reliable and highly ecient. Therefore,
it is more popular to combine these ecient red and green emitters with a uorescent blue
emitter and to excite them electrically. Typically, the inecient blue emission is then kept to
a minimum, and it is attempted to reach the standard illuminant A, the warm-white point of
the black-body curve in the CIE diagram, as illustrated in Fig. 1.4.
Even with regard to these restrictions, one can think of various OLED designs. For instance,
one can stack complete red, green and blue OLEDs, either laterally or vertically, and operate
them separately. Another possibility for a vertical OLED stacking is the direct combination of
two p-i-n OLEDs to a pin-pin OLED which is special in the sense that every electron injected
into this structure has the potential of generating two photons. This device concept is based on
charge-carrier tunneling at the np-junction in the device center and has already been applied
successfully [36, 38]. Furthermore, one can mix dierent emitters in a single emission layer
within the intrinsic region of a p-i-n structure. This seems to be possible for special combinations
of phosphorescent emitters, but rather problematic for combinations with uorescent emitters
which oer non-radiative paths to triplet excitons [36, 37].
Last but not least, one can combine individual red, green and blue emission layers in the
intrinsic region of a p-i-n structure. This is critical in the sense that triplet excitons of the green
and red emission layers may be transferred to the non-radiative triplet states of the uorescent
blue emitter. A popular way to circumvent this is by inserting an extra layer with a high
triplet gap inbetween the uorescent and phosphorescent emission layers. Another possibility
is to apply uorescent blue emitters with triplet energies being higher than those of the red
and green emitters. Then, it seems even possible to harvest the phosphorescent excitons of the
blue emitter by transferring them to the phosphorescent red and green emitters. This is called
triplet harvesting and can lead to high OLED eciency which otherwise could only be obtained
by full-phosphorescent approaches.
Chapter 2
Simulation of Charge Transport in
Disordered Organic Thin Films
In this chapter, a state-of-the-art simulation model for the charge transport in organic thin-lm
devices like OLEDs is developed. The model is based on modern theories for the transport in
disordered materials. They are introduced in Sec. 2.1 and provide scalar mobility functions
that can be implemented in classical drift-diusion models. However, the implementation
is not trivial since the mobility is typically described as a highly dynamic function, which
makes it dicult to obtain fast and stable solutions of the drift-diusion equations. The
numerical algorithm is developed starting from the partial dierential equations of the drift-
diusion problem. The derivation is based on a technique which was developed for classical
semiconductors by Scharfetter and Gummel [70], but also incorporates and combines a series
of other models developed specically for organic semiconductors. Thereby, the numerical
expressions which are to be used in the algorithm are formulated in the style of the master
equation formalism. This makes the algorithm exible and applicable to dierent models for
charge-carrier mobility and dierent solution techniques leading to purely stationary as well
as complete time-dependent solutions. Furthermore, it is possible to implement more complex
hopping expressions designed for the use in master equation solvers.
In terms of device physics, the simulation model focuses on the specics of p-i-n OLEDs. It
incorporates modern concepts for charge-carrier injection, transport across interfaces, charge-
carrier trapping and recombination. Most of these models can be found in literature, indi-
vidually. However, the selection, combination and adaption of these smaller compounds to a
complete and experimentally validated1 simulation model should be recognized as the outcome
of this thesis.
It is furthermore noted that much of the work has contributed to the European project
AEVIOM,2 which means that parts of the concepts originate from the collaboration within
this project. However, it is stressed that all calculations presented in the following have been
performed in independent work if not cited otherwise.
1In Chapter 3, a large series of single-carrier devices as well as a complete white OLED are successfully
analyzed with the simulation model.
2European Community's Seventh Framework program under Grant No. 213708 (AEVIOM)
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2.1 Charge Transport in Semiconductor Materials  an
Overview on Theory
Early ideas about electrical conductivity, which are still relevant today, have been formulated
by Paul Drude around 1900. He described the current3 in metals as a ow of electrons with a
constant drift velocity
jdrift = n vd , (2.1)
where jdrift denotes the number of electrons owing through the unit area per unit time, n the
electron concentration and vd the drift velocity of electrons. He supposed that the accelerating
force due to the electric eld F is compensated by an eective friction force arising from the
scattering of electrons at the ions of the metal lattice. Then, the equation of motion reads
me
dv
dt
= −eF −me
v
τ
= 0 , (2.2)
where me is the mass of the electron and τ an eective time constant for the scattering process.
The result is a constant drift velocity
vd = −
eτ
me︸︷︷︸
µe
F . (2.3)
Therein, the classical denition of charge-carrier mobility is given as the ratio of drift velocity
and electric eld. Today, this description is still regarded as valid, but the electron and the
scattering process are reinterpreted in terms of quantum theory. As discussed in Sec. 1.2, the
electron is commonly described as a particle wave. In the periodic lattices of metals and classical
semiconductors, the electron waves loose energy predominantly by scattering at impurities,
lattice defects and lattice vibrations. Thus, the scattering time τ and the electron mass me in
the denition of mobility (Eq. 2.3) need to be reinterpreted quantum-mechanically. However,
it is common to maintain the picture of electrons as particles which have a certain mobility
µe and obtain a constant drift velocity vd in the electric eld, since this is a convenient and
sucient description for most situations.
In this semi-classical picture, it is furthermore accepted to add a diusion component to
the current
jdiff = −De
∂n
∂x
, (2.4)
where De is the diusion constant of electrons. This description of diusion is based on the
assumption that the electrons move randomly in all directions as thermally activated particles.
Then, dierences in concentration lead to a net electron ow, because more electrons move
towards the low-concentration region than towards the high-concentration region.
Such a semi-classical treatment which composes the current as the superposition of a drift
and a diusion component
j = jdrift + jdiff (2.5)
3Throughout this chapter, the term current is used in the sense of particle currents and does not account
for the charge of the particles.
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and which describes electrons as quasi particles with quantum-mechanical features has become
the basis for many charge transport models. Thereby, the microscopic details are described
by eective parameters or functions for the mobility and the diusion coecient. For classical
semiconductors, these concepts have been transformed into extensive models since the 1950s
when Shockley and coworkers invented the transistor at the Bell laboratories in New Jersey [41
47]. In these models, general formulations have been developed for a drift-diusion current
which consistently satises continuity
∂n
∂t
− div j = 0 (2.6)
and Poisson equation
divF =
−e n(x)
εε0
. (2.7)
Thereby, the mobility is commonly described as a function of temperature
µ = µ0
(
T0
T
)κ
, (2.8)
and the diusion coecient is described by the Einstein relation
D =
µkBT
e
. (2.9)
Also for organic semiconductors, a description within the drift-diusion scheme was aspired,
since advanced and well-understood solution techniques for the drift-diusion equations were
available. However, in comparison to classical semiconductors, which exhibit discrete energy
levels for valence and conduction band, the situation for organic semiconductors is more dicult
because of the energetic disorder. In Sec. 1.2.2, it was already discussed that random perturba-
tions of the molecular HOMO and LUMO levels lead to disordered site energies and that charge
transport requires to overcome the dierences between the site energies of dierent molecules.
Moreover, it was mentioned that the distribution of site energies is commonly approximated
by a Gaussian density of states (DOS) and that the transport in the disordered energy land-
scape is describable on the basis of fundamental hopping rates for the charge transfer between
molecules, such as formulated e. g. in the Miller-Abrahams expression (Eq. 1.28).4
A transition to the drift-diusion scheme means to project the transport onto an eective
transport level within the Gaussian DOS. This is sketched in Fig. 2.1 which schematically
illustrates the transport in a disordered system. The absolute position of the transport level has
been analyzed by Monte-Carlo simulations [54, 59] as well as by analytical considerations [55
57]. The Monte-Carlo simulations showed that the charge carriers mostly occupy sites that
belong to the deep tail of the DOS and predominantly jump to a narrow band of sites around
an eective transport energy, before they relax back to the tail of the DOS. Moreover, it was
found that a thermal equilibrium energy Eeq exists in the tail of the DOS at −σ2/kBT from the
center of the Gaussian distribution, towards which the mean energy of any low-concentration
4There are also dierent theories for the fundamental charge transfer between molecules. Another popular
one is the Marcus theory [20]. However, all the results and theories summarized in this context are based on
the Miller-Abrahams theory, which is why this topic is not further elaborated here.
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Figure 2.1: Charge transport in a disordered system. (a) Energetically disordered space.
(b) Average energy distribution of sites. Under steady-state conditions, the charge carriers
which eectively contribute to the charge transport jump predominantly to a small band of
sites around the transport level.
charge-carrier distribution relaxes. The energy dierence between the transport level and the
thermal equilibrium level was then regarded as the average thermal activation energy which
has to be provided to the charge carriers, in order to transfer them to neighboring molecules.
Furthermore, the investigations suggested that the temperature dependence of the low-eld
drift mobility is describable as
µ ∝ exp
[
−C
(
σ
kBT
)2]
, (2.10)
where C is a numerical coecient which is expected to be close to 4/9.5 This directly leads
to the simplest description of the transport level which claims that this level is situated at
Eeq + Cσ
2/kBT ≈ −(5/9)σ2/kBT .
However, there are further formulations for the transport level which argue that the level
is not simply proportional to σ2/kBT . One of those was given by Baranovskii and coworkers
in 2000 [56]. Their model denes the transport energy Etr as the level towards which the
upward-hopping rate6
r↑(E) = ν0 exp [−2R(E)/lloc − (E − Ei)/(kBT )] (2.11)
from an initial site of lower energy Ei < E is maximal, where
R(E) =
(
4π
3
∫ E
−∞
g(ε)dε
)−1/3
(2.12)
denotes the average nearest-neighbor distance. Determination of the hopping rate extremum
5The theories predict dierent values in the range from 0.41 to 0.48 [56].
6The rate is equivalent to the Miller-Abrahams expression.
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r↑,max(Etr) then leads to the following transcendental equation for the transport energy
exp
(
E2tr
2σ2
) ∫ √Etr2σ
−∞
exp(−ε2)dε
4/3 = kBT
σ
· (9
√
2π Nst l
3
loc)
−1/3 . (2.13)
The resulting transport energy depends on the parameters of the Gaussian DOS but is described
independently of the charge-carrier concentration, which is only justied as long as the Fermi
level is well below the transport energy. It is remarkable that, regardless of the initial site
energy, the hopping rate is found to be maximal for a common target level which is then
associated with the transport level. Though, the hopping rate itself changes drastically with
the energy of the initial site.
Another denition for the transport level was given by Arkhipov and coworkers [58]. They
simply calculated the number of target sites with energies between an initial site energy Ei and
a higher energy Ej
n(Ei, Ej) =
π
6
(kBT/lloc)
−3
∫ Ej
Ei
g(E) (Ej − E)3
exp [−(E − EF )/kBT ] + 1
dE (2.14)
and argued that the upward jump from the initial site of energy Ei is suciently probable when
the number of target sites is equal to one. Then, the target energy Ej should be associable
with the transport level Etr, i. e. n(Ei, Etr) = 1. Moreover, they approximated the integral in
Eq. 2.14 by neglecting the initial site energy Ei and extending the integration to innity. This
led to the following transcendental equation for the transport level∫ Etr
−∞
g(E) (Etr − E)3
exp [−(E − EF )/kBT ] + 1
dE =
6
π
(kBT/lloc)
3 , (2.15)
where g(E) denotes the density of states, Etr the transport level, EF the Fermi energy and
lloc the carrier localization length. Therein, the transport level is not described independently
of the charge-carrier concentration. However, it is found to be constant for small carrier con-
centrations, i. e. concentrations less than 1 − 10% of the state density. This is illustrated in
Fig. 2.2, which shows a numerical solution of Eq. 2.15 for dierent widths of a Gaussian DOS
and for dierent carrier localization lengths. The explanation for this behavior is that for small
carrier concentrations, the exponential function in the denominator of the integrand in Eq. 2.15
is small in comparison to 1. Then, Eq. 2.15 simplies to∫ Etr
−∞
g(E) (Etr − E)3 dE =
6
π
(kBT/lloc)
3 . (2.16)
For typical organic semiconductor applications, this means that the transport level may be
regarded as constant. The fact that the hopping rates are controlled by the energy dierence
between the occupied deep states, i. e. the Fermi energy, and the constant transport energy
involves that the charge-carrier mobility strongly increases with the Fermi energy and conse-
quently with the carrier concentration. This dependence of the mobility on the charge-carrier
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Figure 2.2: Numerical solution of Eq. 2.15. The transport level in a Gaussian DOS with a
total site density Nst of 1021 cm−3 and a standard width σ of 0.1 eV is calculated as a function
of the Fermi level. The standard carrier localization length lloc is 1 nm. All energies are in
reference to the center of the Gaussian DOS. In (a) a variation of the DOS width σ is studied,
while in (b) the carrier localization length lloc is varied.
concentration has been ignored for quite a while and was misinterpreted as a unique eld de-
pendence in empirical mobility models for organic semiconductors. The most common among
these is known as the Poole-Frenkel model [4851] and reads
µ = µ0 exp
(
C
√
F
)
, (2.17)
where µ0 denotes the mobility in the zero-eld limit, F the electric eld and C a tting pa-
rameter. The model had originally been introduced to describe the currents in pure insulators
under high electric elds, but then turned out to be capable of tting the results of dierent
mobility measurement techniques applied to organic semiconductors. Popular among these
techniques are time-of-ight (TOF), space-charged limited currents (SCLC) and eld-eect
transistor (FET) measurements. These techniques simplify the charge transport in the inves-
tigated test samples to a pure drift current and attribute a constant mobility to the charge
carriers. As the measured mobilities were typically found to increase with the applied bias
voltage, the mobility description was upgraded empirically by an exponential eld dependence.
In view of the more fundamental Miller-Abrahams expression (Eq. 1.28) for the hopping
process between molecules, the exponential dependence comes as no surprise because it is a
property of the hopping rates themselves. And consequently, even the rst theoretical mobility
models, which were derived on the basis of Monte-Carlo simulations with Miller-Abrahams
hopping rates, tried to match the Poole-Frenkel behavior and described the mobility as uniquely
dependent on the electric eld and on the parameters of the Gaussian state density [5962].
However, consistency problems were found when one and the same material was investigated
by dierent mobility measurement techniques, or when variations of layer thickness or injection
conditions were studied. These discrepancies seem to be explained by the fact that the mobility
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in organic semiconductors varies not only with the electric eld, but also with the concentration
of charge carriers. One of the rst mobility models taking this dependence into account is the
Extended Gaussian Disorder Model (EGDM), published in 2005 by Pasveer et al. [63]. Pasveer
determined the mobility from a numerical solution of the stationary master equation
∂pi
∂t
=
∑
j 6=i
rij pi(1− pj)− rji pj(1− pi) = 0 , (2.18)
where pi denotes the probability that the site i is occupied by a charge carrier and rij the
Miller-Abrahams transition rate from site i to j. This equation is more or less equivalent
to the continuity equation, it demands that the sum of hopping processes away from a site
i is equal to the sum of hopping processes towards the site. In contrast to the Monte-Carlo
technique, the master equation is typically solved without considering the time dependence of
the hopping transport in the 3D lattice of sites. In the solution, the electric eld F which results
from the applied bias voltage is approximated as constant. The Coulomb repulsion between
dierent charges is partly considered by the condition that a site can be occupied by only one
charge carrier at a time. The site energies Ei in the cubic lattice of typically 1003 sites are
drawn randomly from a Gaussian distribution of width σ and are positioned in reference to the
electric potential. From the steady-state prole pi, which satises Eq. 2.18 at any site i, the
mobility
µ =
∑
i,j
rij pi(1− pj)dij,F / pFV (2.19)
is obtained, where V denotes the system volume, dij,F the inter-site distance in the direction
of the electric eld F and p =< pi > Nst the average charge-carrier concentration. It should
be noted that this transition to a scalar mobility simplies the transport in dierent ways.
First of all, there is the tacit assumption in Eq. 2.19 that the current is dominated by the drift
component. Moreover, there is an averaging along the axis of the electric eld, and the electric
eld is assumed to be constant. Also worth mentioning is that only nearest-neighbor hopping
rates rij up to a distance dij,max =
√
3a are considered. The resulting mobilities for given
Gaussian distributions with parameters σ and Nst then serve to determine suitable mobility
functions. This is shown in Fig. 2.3, which illustrates how the observed eld and concentration
dependence of the mobility was tted by Pasveer and coworkers.
The obtained tting functions describe the mobility in dependence of the charge-carrier
concentration p, the electric eld F and the temperature T . They read as follows
µ(p, T, F ) = µ0(T ) · f(F ) · g(p) , (2.20a)
where
µ0(T ) = µ
∗
0 · exp
[
−C σ̂2
]
, (2.20b)
f(F ) = exp
0.44 (σ̂3/2 − 2.2) ·
√1 + 0.8(Fea
σ
)2
− 1
 , (2.20c)
g(p) = exp
[
1
2
(
σ̂2 − σ̂
)
·
(
2 p a3
)δ]
(2.20d)
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Figure 2.3: Field and concentration dependence of the mobility as determined by Pasveer
et al. [63]. The points represent the mobilities which were obtained from the solution of
the master equation, whereas the black curves represent the tting functions. Left: Carrier-
concentration dependence of the mobility for vanishing electric eld. Right: Field dependence
of the mobility for two charge-carrier concentrations from the low (main panel) and high (inset)
concentration regime, as typically observed in OLEDs and organic FETs. The mobility is
represented in units of µG = a2ν0e/σ, where ν0 is the intrinsic rate of the Miller-Abrahams
expression and a the inter-site distance.
and
δ = 2
[
ln
(
σ̂2 − σ̂
)
− ln (ln 4)
]
/σ̂2 . (2.20e)
In this description, µ∗0 denotes the mobility in the limits of zero eld, zero concentration and
innite temperature. C is a constant related to the temperature dependence of the mobility,
it is expected to take values close to 0.42.7 The dimensionless DOS width σ̂ = σ/kBT is the
parameter that most signicantly aects the mobility's dependence on the carrier concentration
and the electric eld. a is determined by the total density of hopping sites: Nst = 1/a3. The
functions f(F ) and g(p), as given in Eqs. 2.20c and 2.20d, hold strictly only for F < 2σ/ea
and p < Nst/2. The complete description for these functions is given in Appendix B.1.
For organic thin-lm devices with layers of a few nanometers, the transition to a continuum
model is not really justied since only a few transport sites may be present in these layers.8
Therefore, it has also been attempted to consider the discreteness of hopping sites in the
1D models eectively. For instance, Staudigel and coworkers [52] proposed to interpret the
discretization points in a continuum drift-diusion model as molecular sites and to scale them
in accordance with the density of states, which was benecial especially for the description of
charge transport across the interfaces between dierent organic layers. However, since most
of the transport theory for organic semiconductors has been developed on the basis of the
Miller-Abrahams expression (Eq. 1.28), it appears cumbersome and ineective to translate the
discrete 3D model into a 1D continuum model and to return afterwards to a discrete 1D model.
7This is meant to be the same constant as in Eq. 2.10.
8In a continuum description, it is especially dicult to dene the boundary conditions at the interfaces
between dierent organic layers in such a way that the numerical solution is independent of the chosen grid,
which is a key criterion for a good continuum solution.
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The developers of the EGDM also realized this and in 2009 presented a 1D master equation
formulation for the EGDM, published by Coehoorn et al. [64]. In this model, the discretization
is chosen in accordance with the density of states and the discretization points may be associated
with the molecules and the real charge-transport sites. The model represents a projection of
the transport in the disordered energy landscape to a discrete transport level. The energetic
disorder is considered eectively by the parameter σ for the width of the DOS, which inuences
the nearest-neighbor hopping rates. These are given by
r+i/i+1 = r
∗
i · g(pi) exp
(
+
e ζ a Fi/i+1
2 kBT
)
, (2.21a)
for jumps from site i to site i+ 1, and
r−i/i+1 = r
∗
i+1 · g(pi+1) exp
(
−
e ζ aFi/i+1
2 kBT
)
, (2.21b)
for jumps in reverse direction. Therein, ζ a denotes the average intersite distance.9 The expres-
sion
r∗i =
µ0,i(T ) kBT
(ζ a)2 e
(2.21c)
gives the hopping rate in the zero-eld and zero-concentration limit. According to Coehoorn
and coworkers, the parameter ζ has to be chosen such that the master equation results meet
the eld dependence of the mobility as described by the function f(F ) in Eq. 2.20c. Therefore,
it is necessary to do test simulations and to compare classical drift-diusion simulations using
the EGDM mobility description, as given by Eq. 2.20, and the master equation method, as
given by Eq. 2.18.
In Sec. 1.2.2, it was already mentioned that the energetic disorder in organic semiconductors
results from random perturbations of the molecular HOMO and LUMO levels. Major perturba-
tions of the on-site energies are caused by molecular density uctuations and by the interaction
of charge carriers on the sites with permanent dipoles of the molecules. The latter mechanism
gives another possibility to construct an energetically disordered grid of transport sites for 3D
simulations, besides the random selection from a Gaussian distribution of site energies. For
this, randomly oriented dipoles ~δn of constant dipole moment δ are placed on a cubic lattice of
cell spacing a. Then, the energy of a charge carrier at a given site i can be calculated according
to
Ei = −
∑
j 6=i
e~δj · (~rj − ~ri)
4πε0ε |~rj − ~ri|3
, (2.22)
where ~ri denotes the position vector of the site i and ε0ε the dielectric constant. The re-
sulting distribution of on-site energies has been shown to be nearly Gaussian, with a width
σ = 2.35 e δ / ε0εa
2 [62]. However, unlike a purely random distribution, the site energies are
correlated, due to the long-range contributions in Eq. 2.22. Studies of charge transport in such
distributions of correlated site energies showed that the resulting transport characteristics are
quite dierent to the case of uncorrelated site energies.10 For instance, the eld dependence of
9Accordingly, ζ a also determines the segment widths in the numerical grid.
10Again, these studies are based on the Miller-Abrahams hopping rates.
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the charge-carrier mobility was found to be enhanced, whereas the concentration dependence
of the mobility was found to be reduced, when equivalent parameters for the Gaussian DOS
were applied. In analogy to the EGDM, the results of these studies have been transferred into
a scalar mobility model, the so-called Extended Correlated Disorder Model (ECDM), published
in 2009 by Bouhassoune et al. [65]. The formulas for the scalar ECDM are summarized in
Appendix B.2.
The two dierent mobility models, namely EGDM and ECDM, both describe the mobility
as dependent on the temperature, the charge-carrier concentration and the electric eld. As
parameters, they use the width of the Gaussian DOS σ, the total density of hopping sites
Nst, the mobility in the limits of zero eld, zero concentration and innite temperature µ∗0
and a parameter C related to the temperature dependence of the mobility, which is predicted
to be close to 0.42 in the EGDM and close to 0.29 in the ECDM. Both models have been
compared to each other and turned out to be fairly equivalent, i. e. capable of reproducing
given experimental results, however with dierent parameters [66, 67]. In comparison to the
EGDM, the ECDM usually requires larger values Nst for the total density of hopping sites and
narrower DOS widths σ. The optimized parameters Nst for the total density of hopping sites
have also been compared to the estimations drawn from the mass density and the molar mass
of the materials. This allowed to conclude to which extent the energetic disorder of typical
organic materials indeed arises from the interaction of the charge carriers on the sites with
permanent dipoles of the molecules. It was found that for small molecule materials like N,N'-
Di(naphthalen-1-yl)-N,N'-diphenyl-benzidine (NPB), the correlation of site energies seems to be
relevant [67]. By contrast, for other materials like polyuorene-based copolymers, the absence
of correlated disorder was postulated [66].
Aside from the mobility, the diusion coecient needs to be discussed for organic semicon-
ductors. For classical semiconductors, it is known that the diusion coecient and the mobility
are connected by the Einstein relation, given in Eq. 2.9. For organic semiconductors, this re-
lation needs to be altered because of the Gaussian DOS. The so called generalized Einstein
relation is derived in Appendix A.2 and reads
D = α(EF )
µkBT
e
, (2.23)
where α is an enhancement factor which depends on the Fermi level EF and thus on the
charge-carrier concentration. It can take values between 1 and 10, but for typical charge-carrier
concentrations it is smaller than 2.11
2.2 A Numerical Expression for the Drift-Diusion Cur-
rent
In Sec. 2.1, two mobility models for the transport in organic semiconductor materials have been
introduced, the EGDM and the ECDM. Both models assume a Gaussian density of states. The
main dierence between the models concerns the correlation of site energies. In the EGDM,
11These are empirical values obtained in the series of simulations which is presented in Chapter 3.
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the site energies are described as uncorrelated, whereas in the ECDM they are described as
correlated. In this section, a numerical description for a 1D drift-diusion current is derived.
It will be shown that the current can be represented in the form
ji+1/2 = r
+
i pi − r−i+1 pi+1 , (2.24)
where r+i and r
−
i+1 denote the nearest-neighbor hopping rates
12 between the ith and the i+ 1th
segment of the grid, which is introduced to discretize and quantify the charge-carrier prole
numerically.13 The representation of charge transport by nearest-neighbor hopping rates will
later allow to establish a highly exible simulation algorithm. The advantage is, on the one
hand, that the scalar mobility functions of the EGDM and ECDM can be inserted into these
hopping rates on demand. On the other hand, it is possible to replace the hopping rates by
those from the 1D master-equation formulation of the EGDM by Coehoorn, given in Eq. 2.21.
Furthermore, the representation of the current by nearest-neighbor hopping rates makes the
continuity equation appear like the master equation, given by Eq. 2.18. This allows to use the
same solution algorithm for both the master-equation model and the continuum model. The
only major technical dierence between the models is that the continuum solutions are to be
independent of the chosen grid, whereas the master-equation model requires to choose the grid
in accordance with the density of states and with the eld-dependence of the scalar EGDM
mobility as observed in the continuum solutions.
The derivation of the nearest-neighbor hopping rates r+ and r− from the dierential equa-
tions is shown in the following and based on a formalism that was described rst by Scharfetter
and Gummel in 1969 [70] and elaborated in more detail by Selberherr [71].14 It is focused on a
current of holes in a homogeneous single-layer device and basically starts from three dierential
equations. The rst is the continuity equation
∂p
∂t
+ div j = 0 , (2.25)
which describes the transport of charge carriers under the premise that the amount of charge
inside any region of the device where the current ows can only change by the amount of charge
that passes through the boundary of this region. The second equation describes the current as
the superposition of a drift and a diusion component
j = v(x)p(x)−D∂p
∂x
. (2.26)
The drift velocity v of charge carriers is proportional to the electric eld F , and the ratio of
drift velocity and electric eld is dened as charge-carrier mobility µ = v/F . The diusion
coecient D is expressed by the generalized Einstein relation
D = α
µkT
e
, (2.27)
where α is an enhancement factor that depends on the shape of the DOS.15 The third dierential
12The term hopping rate is used somewhat casually. Actually, r+ and r− represent velocities.
13The charge-carrier prole is represented by the concentrations pi on the discretization points. The indices
of the grid points run from i = 1 (left) to i = N (right) in the organics, i = 0 labels the anode and i = N + 1
the cathode.
14The book by Selberherr has given the main ideas for the derivation of the current expression in Eq. 2.41.
A current expression similar to the one in Eq. 2.43 can be found in [52].
15In Appendix A.2, α is derived for a Gaussian DOS, as typically relevant for organic semiconductors.
40 Simulation of Charge Transport in Disordered Organic Thin Films
equation
divF =
e p(x)
ε0ε
(2.28)
is Gauss's law and describes the electric eld F as to originate from the charge density e p(x),
where e is the unit charge and ε0ε the dielectric constant.
The problem is to solve the dierential equations 2.25, 2.26 and 2.28 consistently for any
position x in the device and for any time t. In a rst step, the x axis is oriented parallel to the
current in the device and is discretized in segments of width di. In the following, the centers of
the discretization segments are addressed by integer numbers i whereas the interfaces between
the segments are addressed by i + 1/2. This allows to express the spatial dependencies in the
equations 2.25, 2.26 and 2.28 numerically. In numerical terms, Eq. 2.28 becomes trivial
Fi+1/2 − Fi−1/2 =
e pi di
ε0εi
. (2.29)
Thus, the eld between two segments of the grid Fi+1/2 can be either expressed as
Fi+1/2 =
e pi di
ε0εi
+ Fi−1/2 =
∑
j≤i
e pj dj
ε0εj
+ F1/2 , (2.30)
or as
Fi+1/2 = Fi+3/2 −
e pi+1 di+1
ε0εi
= FN+1/2 −
∑
j>i
e pj dj
ε0εj
. (2.31)
This allows to calculate the electric eld prole directly from the charge-carrier prole
Fi+1/2 =
1
2
(∑
j≤i
e pj dj
ε0εj
−
∑
j>i
e pj dj
ε0εj
+ F1/2 + FN+1/2
)
. (2.32)
Accordingly, the boundary elds have to fulll the condition
FN+1/2 =
N∑
j=1
e pj dj
ε0εj
+ F1/2 . (2.33)
The absolute eld is determined by the applied voltage V and the built-in voltage Vbi according
to
V − Vbi =
N∑
j=1
Fj · dj , (2.34)
where
Fi =
Fi+1/2 + Fi−1/2
2
(2.35)
is the mean eld within a grid segment.
Now, an expression for the current at the interface between two grid segments i and i + 1,
exhibiting a linear dependence on the charge-carrier concentrations pi and pi+1 in these points,
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is to be found. This interface current is formally given in the numerical expression of the
continuity equation
∂pi
∂t
=
ji−1/2 − ji+1/2
di
(2.36)
and can furthermore be expressed as a drift-diusion current
ji+1/2 = v p(x)−D
∂p
∂x
, (2.37)
where the drift velocity v and the diusion coecient D are assumed to be constant on the
interval [xi, xi+1] between the centers of the grid segments i and i+ 1. In a next step, Eq. 2.37
is multiplied by an exponential term
ji+1/2 · exp
(
− v
D
(x− xi)
)
=
(
v p(x)−D∂p
∂x
)
· exp
(
− v
D
(x− xi)
)
= −D ∂
∂x
(
p · exp
(
− v
D
(x− xi)
))
, (2.38)
which allows to shift the derivative operator and to determine the constant interface current
ji+1/2 from the boundary concentrations pi and pi+1 by integration
∫ xi+1
xi
ji+1/2 · exp
(
− v
D
(x− xi)
)
dx = −D
∫ xi+1
xi
∂
∂x
(
p · exp
(
− v
D
(x− xi)
))
dx
−ji+1/2 ·
D
v
exp
(
− v
D
(x− xi)
)∣∣∣∣xi+1
xi
= −D
[
p · exp
(
− v
D
(x− xi)
)]∣∣∣xi+1
xi
ji+1/2 ·
D
v
(
1− exp(−v di+1/2/D)
)
= D
(
pi − pi+1 · exp(−v di+1/2/D)
)
, (2.39)
where xi+1 = xi + di+1/2 and di+1/2 = 0.5 (di + di+1) have been used. This leads to the desired
formula for the drift-diusion current
ji+1/2 = v ·
pi − pi+1 exp(−v di+1/2/D)
1− exp(−v di+1/2/D)
. (2.40)
Eq. 2.39 would already be sucient to describe the charge transport in the device and to
determine a steady-state prole by numerical iteration. However, as mentioned above, it is
intended to represent the current by nearest-neighbor hopping rates r+ and r−, in a form as
given in Eq. 2.24. This can be achieved by transforming the expression obtained in Eq. 2.39,
after introducing the dimensionless electric eld ξi+1/2 = v di+1/2/D and the Bernoulli function
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Figure 2.4: The Bernoulli function and its approximations.
B(x) = x/(exp(x)− 1), as follows
ji+1/2 = v ·
(
pi − pi+1 exp(−ξi+1/2)
1− exp
(
−ξi+1/2
) )
=
D
di+1/2
·
(
ξi+1/2
1− exp
(
−ξi+1/2
) pi − ξi+1/2 exp(−ξi+1/2)
1− exp(−ξi+1/2)
pi+1
)
=
D
di+1/2
·
(
−ξi+1/2
exp
(
−ξi+1/2
)
− 1
pi −
ξi+1/2
exp
(
ξi+1/2
)
− 1
pi+1
)
=
D
di+1/2
·
[
B(−ξi+1/2) pi −B(ξi+1/2) pi+1
]
. (2.41)
The new expression for the drift-diusion current represents a linear combination of nearest-
neighbor hopping rates DB(±ξi+1/2)/di+1/2. Moreover, it is very robust, i. e. it leads to highly
stable solutions of the dierential equation system.
Commonly, a weaker numerical stability is aordable and the, from a numerical point of
view, time-consuming Bernoulli function may be approximated. The Bernoulli function is
illustrated in Fig. 2.4 and can be approximated in dierent limits
B(x) =
x
exp(x)− 1
≈

−x for x→ −∞ ,
1− 0.5x for x→ 0 ,
x · exp(−x) for x→ +∞ .
(2.42)
The low-eld approximation in Eq. 2.42, for x → 0, is the relevant one and frequently used.
It is applicable as long as the percentage of voltage which drops over the distance di+1/2 is
small in comparison to the thermal activation energy per unit charge kBT/e. The low-eld
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approximation leads to the following expression for the current
ji+1/2 ≈
D
di+1/2
·
[
(1 + 0.5 ξi+1/2) pi − (1− 0.5 ξi+1/2) pi+1
]
=
D
di+1/2
·
[(
1 + 0.5
(
v di+1/2
D
))
pi −
(
1− 0.5
(
v di+1/2
D
))
pi+1
]
=
(
D
di+1/2
+ 0.5 v
)
pi −
(
D
di+1/2
− 0.5 v
)
pi+1
≈ µi
(
αi kT
e di+1/2
+
Fi+1/2
2
)
︸ ︷︷ ︸
r+i
pi − µi+1
(
αi+1 kT
e di+1/2
−
Fi+1/2
2
)
︸ ︷︷ ︸
r−i+1
pi+1 . (2.43)
In the last line of Eq. 2.43, the drift velocity v is replaced by the product of electric eld
F and mobility µ, and the diusion coecient D is expressed by the generalized Einstein
relation. Thereby, an approximation is done, because the constants v and D are redened by
the mobilities µi and µi+1, by the diusion enhancement factors αi and αi+1, and by the electric
eld Fi+1/2. In a physically meaningful way, the mobilities and the diusion enhancement factors
are attributed to the centers of the grid segments, whereas the electric eld is attributed to the
interface between the segments. Moreover, the nearest-neighbor hopping rates r+i and r
−
i+1 are
dened, within which it is quite easy to identify the drift and diusion components
jdrift = (µi pi + µi+1 pi+1) ·
Fi+1/2
2
(2.44)
and
jdiff = (µi αi pi − µi+1 αi+1 pi+1) ·
kT
e di+1/2
. (2.45)
2.3 Two Algorithms Leading to Steady-State Solutions
In Sec. 2.2, a numerical expression for a 1D drift-diusion current was derived, and it was
shown that the current can be represented as a superposition of the nearest-neighbor hopping
rates r+i and r
−
i+1, in a form as given in Eq. 2.24. In the following, an algorithm is formulated
which allows to determine a steady-state solution by numerical iteration, i. e. a charge-carrier
prole solving consistently the dierential equations 2.25, 2.26 and 2.28.
A very intuitive way is to start from the numerical formulation of the continuity equation
as given in Eq. 2.36, and to develop the charge-carrier prole from an arbitrary initial state,
which may be physically meaningful or not. For instance, the device could initially be regarded
as free of charge carriers aside from given boundary concentrations at anode and cathode. The
initial eld prole would be determined by the initial charge-carrier prole and the applied
bias voltage V , according to Eqs. 2.32 and 2.34. Then, the interface currents between the
grid segments as well as the charge-carrier prole development over a small time step ∆t can
be calculated  the currents according to Eq. 2.24, and the development of the charge-carrier
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prole according to
pi(t+ ∆t) = pi(t) +
ji−1/2 − ji+1/2
di
∆t︸ ︷︷ ︸
∆pi
. (2.46)
Iteratively, the proles of the electric eld and the charge-carrier concentration need to be
recalculated until no further changes are observed. The nal stationarity of the charge-carrier
prole then implies that the resulting current is constant all over the device, i. e.
ji+1/2 = jk+1/2 , ∀k , (2.47)
which gives a convenient termination condition for the algorithm.
The remaining problem is to choose an appropriate time step, which is not easy, since it
aects the stability of the numerical solution. Fortunately, the stability problem of a partial
dierential equation of the convection-diusion type
∂p(x, t)
∂t
= A
∂2p(x, t)
∂x2
+B
∂p(x, t)
∂x
+ C p(x, t) (2.48)
has already been tackled in literature [72]. The numerical solution of this equation by means
of the explicit Euler formalism, described above, was shown to be stable under the condition
∆t ≤ min
{
d2i
2A
,
di
B
,
2
C
}
. (2.49)
The determination of the constants A, B, C is achieved by inserting the expression for the
drift-diusion current
j = p v −D∂p
∂x
(2.50)
into the continuity equation
∂p
∂t
+
∂
∂x
j = 0 . (2.51)
This gives
∂p
∂t
=
(
∂D
∂x
∂p
∂x
+D
∂2p
∂x2
)
−
(
p
∂v
∂x
+ v
∂p
∂x
)
= D︸︷︷︸
A
∂2p
∂x2
+
(
∂D
∂x
− v
)
︸ ︷︷ ︸
B
∂p
∂x
+
(
−∂v
∂x
)
︸ ︷︷ ︸
C
p . (2.52)
Thus, the condition 2.49 transforms into
∆t ≤ min
{
d2i
2Di
,
di∣∣∂D
∂x
∣∣
i+1/2
+ |vi|
,
2∣∣ ∂v
∂x
∣∣
i+1/2
}
, ∀i. (2.53)
Sometimes, the calculation of a complete solution including the time-dependence can be
very laborious, while the time dependence of the solution may not be of interest. Then, it is
2.4 Specics of Organic Multilayer Devices 45
possible to neglect the time dependence and to derive a solution from the stationary master
equation, as formulated in Eq. 2.18. It has already been mentioned that this equation simply
demands that the sum of hops away from a site i is equal to the sum of hops towards the
site. When only nearest-neighbor hopping processes in a 1D grid are considered, the stationary
master equation simplies to
ji−1/2 = ji+1/2
r+i−1 · pi−1 − r−i · pi = r+i · pi − r−i+1 · pi+1 . (2.54)
Thus, a new charge-carrier prole pnewi can be calculated from a given prole pi, according to
pnewi =
r+i−1 pi−1 + r
−
i+1 pi+1
r+i + r
−
i
. (2.55)
Starting from an arbitrary initial prole, Eq. 2.55 would in principle allow to iteratively obtain
the steady-state prole. However, the resulting development would be numerically unstable
when dynamic mobility concepts, such as formulated in the EGDM and ECDM, were applied.
Numerical stability can be achieved by changing the charge-carrier prole more gradually, e. g.,
according to
∆pi =
pi
pnewi + pi
· (pnewi − pi) . (2.56)
The damping of the charge-carrier uctuations as described in Eq. 2.56 was implemented ad
hoc to the numerical algorithm developed within this PhD, but turned out to be convenient
and allowed to obtain fast and stable numerical solutions, regardless of the applied mobility
model.16
2.4 Specics of Organic Multilayer Devices
In Sec. 2.2, a numerical expression for a 1D drift-diusion current was derived, and it was
shown that the current can be represented as a superposition of the nearest-neighbor hopping
rates r+i and r
−
i+1, in a form as given in Eq. 2.24. It was mentioned that the formulas of
the scalar EGDM and ECDM mobilities can be inserted into these hopping rates on demand,
and that it is moreover possible to replace these hopping rates by those from the 1D master-
equation formulation of the EGDM by Coehoorn (Eq. 2.21). In Sec. 2.3, an algorithm was
presented which leads from an initial charge-carrier prole to a steady-state prole under given
boundary conditions. These boundary conditions will be specied in the following for dierent
injection mechanisms that are relevant for organic semiconductor devices. Afterwards, the
charge transport across interfaces in organic multilayer devices will be discussed, and it will be
shown how to adequately modify the expressions for the hopping rates. Finally, the numerical
description of charge transport will be elaborated for the case when both holes and electrons
are injected into the device and recombination takes place.
16A proper mathematical analysis could allow to nd specic stability conditions for the applied mobility
models, and to further optimize the simulation speed.
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2.4.1 Injection
There are a couple of dierent injection mechanisms that are relevant for organic semiconductor
devices. As these devices typically comprise several organic thin-lm layers between the metal
contacts of anode and cathode, the term injection mechanism can be further specied as the
charge transfer across the interface between a metal contact and an adjacent organic layer in
the device.
Ohmic Injection
From a numerical point of view, the injection mechanism denes the boundary condition for the
dierential equations at the injecting contact. As the simulations shall predominantly clarify
the transport characteristics within the organic layers of the device, it is favorable to work in
domains where the inner characteristics are fairly independent from the injection. For instance,
a domain exists where the electric power loss due to injection is negligible in comparison to the
losses inside the organic layers, the so-called Ohmic regime. It can be dened by two criteria.
The rst is that the injection of charge carriers is suciently fast and not hindered by any kind
of barrier at the interface between the metal and the organics. The second is that the amount
of charge carriers, which can potentially be provided by the injecting contact, is higher than
what can actually be injected due to the limitation within the organics. These two criteria
directly allow to describe the injection current numerically in the form
jinj = p0 r
+
0 (p0, F1/2)− p1 r−1 (p1, F1/2) . (2.57)
The rst criterion is met by describing the injection rate r+0 such as the hopping rates in the
organic layer after the injecting contact, but modied by the electric eld at the contact F1/2
and by the concentration of injectable charges p0. The second criterion is met by dening p0
as the sum of the charges that are already present in the organic layers of the device17
pohmic0 =
n∑
i=1
pi . (2.58)
To describe the injection as Ohmic can be physically meaningful in many situations. It simply
means that the injection is suciently good and cannot be further improved, e. g. by varying the
contact material. In the theory of classical semiconductors, Ohmic injection is dened by the
condition that the injected charge carriers fall from the metal into energetically preferable sites
within the adjacent semiconductor material. However, with regard to organic semiconductor
devices, which typically exhibit low charge carrier mobility as well as considerable transport
barriers inside the organics, it is quite obvious that this condition is chosen too restrictive.
An example is given in Fig. 2.5(a). It illustrates the injection of holes from an indium-tin
17In literature, there are dierent descriptions for pohmic0 . The simplest known is to dene p
ohmic
0 as a su-
ciently high constant, e. g. as 10% to 100% of the state density [73]. Another is to dene pohmic0 as a variable
number which depends on the highest concentration occurring inside the device, and which is typically chosen
about 10 times higher than this concentration [52]. These descriptions are fairly equivalent, i. e. they lead to
the same simulation results. The variant described above is chosen because it seems to be favorable in terms of
numerical stability and simulation speed.
2.4 Specics of Organic Multilayer Devices 47
p-doped
Φ
Evac
ELUMO
ITO
EF
ΔEinj
thermally
assisted
tunneling
EHOMO
(a)
χ
+ + + + +
Φ
Evac
ITO
ΔEinj
EHOMO
(b)
χ + eFx
e2
16πε0εx
χ
undoped
x0 xm
χ +
Figure 2.5: Injection into organic layers from indium-tin oxide (ITO). (a) Ohmic injection
into a p-doped layer. (b) Thermionic injection into an intrinsic layer.
oxide (ITO) layer into a p-doped organic layer. At the contact, holes diuse from the p-
doped layer into the ITO layer because the work function (Φ) of ITO is smaller than the
ionization potential (χ) of the organic layer. This creates a depletion region and leads to band
bending within the rst nanometers of the organic layer. Ultraviolet photoelectron spectroscopy
(UPS) has shown that, in a p-doped layer, the resulting Fermi level EF is typically some
0.1 eV above the ionization potential χ [74]. Thus, the injected holes have to penetrate the
narrow Coulomb barrier of the depletion region and to overcome the energy dierence ∆Einj
between the ionization potential χ and the Fermi level EF . This is describable as a thermally
assisted tunneling process and appears to be similar to the hopping process within the organics.
Accordingly, the injection into the p-doped layer may be regarded as Ohmic when the length
of the depletion region is comparable to the intersite distance within the organics, and when
the energy barrier ∆Einj is comparable to the hopping activation energies, e. g. describable by
(4/9)σ2/kBT , as discussed in Sec. 2.1.18
In Chapter 3, the simulation model will be applied on experimental results. It will be
shown that the injection into electrically doped layers is indeed Ohmic for typical material
combinations. This is of course the reason why electrically doped layers are used as a standard
to guarantee good injection and high device eciency. In the simulation, electrically doped
layers are described such as intrinsic layers. However, the inuence of the ionized dopants on
the electric eld is additionally considered. Thereby, the concentration of ionized dopants is
regarded as homogeneous and constant.19
18Actually, (4/9)σ2/kBT was meant to describe the hopping activation energy only in the zero-concentration
limit. For Ohmic injection, high charge-carrier concentrations are required so that the activation energy should
be signicantly smaller.
19In Chapter 3, it will be discussed to what extent this is justied.
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Thermionic Injection
When the organic layer adjacent to the metal contact is intrinsic and shows an ionization
potential χ which is considerably larger than the metal work function Φ, the injection is non-
Ohmic and should be described as thermionic instead. Then, the injection rate r+0 may be
described such as for Ohmic injection, but the boundary concentration p0 has to be chosen in a
dierent way. One possibility would be to dene the boundary concentration pthermionic0 by the
Fermi integral
p̃0(E0, EF ) =
1√
2π σ2
·
∞∫
−∞
exp
[
−(E − E0)
2
2σ2
]
· 1
1 + exp [(E − EF )/kBT ]
dE , (2.59)
where E0 denotes the center of the Gaussian distribution and EF the Fermi energy, which is
determined by the metal work function Φ in case there is no interface dipole at the contact.
Then, the energy dierence E0 − EF would dene the boundary concentration, but would
not describe the thermionic injection barrier. The latter should rather be associated with the
dierence between the transport level Etr in the organics and the metal work function Φ, or
with χ−Φ. In the limits of zero current and zero eld, this description is perfectly reasonable.
However, when a bias voltage is applied and charges are injected into the organics, it may be
doubted that the boundary concentration stays constant, since the thermionic injection barrier
is eld-dependent. This is illustrated in Fig. 2.5(b). It shows that the injection barrier is modi-
ed by two potentials. The rst is the electric potential due to the applied bias voltage. The
second potential results from the eect that the electric eld originating from the injected holes
is screened at the metal surface, which is commonly represented by the Coulomb interaction
between an injected hole and an image charge in the metal. The resulting potential reads
E(x) = χ+ eFx+
e2
16πε0εx
, (2.60)
with the minimum energy Emin = χ +
√
e3F/4πε0ε at xm =
√
e/16πε0εF . Thus, a eld-
dependent injection barrier can be dened as
∆Einj = χ− Φ +
√
e3F/4πε0ε , (2.61)
and the boundary concentration may be calculated according to
p0 = p̃0
(
E0 +
√
e3F/4πε0ε , EF
)
. (2.62)
There are further theories on the thermionic injection at a metal-organic interface. A
popular one20 was presented in 1999 by Scott et al. [76] and is implemented in the developed
simulation program as the standard model for thermionic injection. The basic dierence to the
description above is that not Emin, but Emin − kBT is regarded as the critical energy dening
the point xc at which the charges inevitably fall back to the metal contact and recombine. The
result of the theory is that the boundary concentration can be expressed as
pthermionic0 = 4ψ
2 exp
(
f 1/2
)
· p̃0(E0, EF ) , (2.63)
20The model has been implemented into commercial simulations like Setfos of the company FLUXIM.
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where
ψ(f) = f−1 + f−1/2 − f−1(1 + 2f 1/2)1/2 (2.64)
is a function of the reduced electric eld
f =
e3F
4πε0ε(kBT )2
. (2.65)
The details of the implementation are given in Appendix B.3.
2.4.2 Transport across Interfaces
The simulation model has been introduced up to a point at which it is possible to simulate
the charge transport of unipolar one-layer devices under either Ohmic or thermionic injection
conditions. Now, the charge transport across interfaces between dierent organic layers shall
be discussed, and a numerical description will be introduced.
When two organic layers of dierent ionization potentials χ1 and χ2 are connected, an
energy oset between the hole-transport levels of the dierent layers will occur. However,
as illustrated in Fig. 2.6, the resulting energy barrier is typically not simply the dierence
between the ionization potentials χ1 and χ2, but is furthermore inuenced by the parameters
of the Gaussian state densities, the applied electric eld and a possible interface dipole.
From a numerical point of view, the current at the interface between dierent organic layers
should be described in the same way as the currents between the discretization segments inside
the organic layers, according to
ji+1/2 = pi r
+
i − pi+1 r−i+1 , (2.66)
where pi and pi+1 denote the concentrations of holes in front of and behind the interface, and
r+i and r
−
i+1 the hopping rates across the interface. However, the hopping rates need to be
altered in a physically meaningful way. One can certainly assume that there is a continuous
Fermi level EF over the interface, and that the hole concentrations pi and pi+1 are determined
by the osets between the Fermi and the transport levels. At zero current, the Fermi level is
constant and
pi+1
pi
= exp
(
−∆Etr
kBT
)
(2.67)
should hold, at least in the limit of low carrier concentrations. This implicates
r+i = r
−
i+1 exp
(
−∆Etr
kBT
)
(2.68)
for the hopping rates. Hence, the hopping rates at the interface may be redened according to
r+,newi =
{
r+i exp (−∆Etr/kBT ) , if ∆Etr > 0 ,
r+i , if ∆Etr ≤ 0 .
(2.69)
Equation 2.69 says that the hopping rate of charge carriers accumulating in front of a positive
energy barrier ∆Etr is reduced, while the hopping rate of charge carriers in front of a barrier
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Figure 2.6: Scheme of energy levels at the interface between two dierent organic layers.
The energy barrier between the transport levels (∆Etr), which holes have to overcome at
the interface, depends on various parameters such as the DOS shapes, the average intersite
distances (a1, a2) and the ionization potentials (χ1, χ2) of the adjacent materials as well as a
possible interface dipole (∆Evac).
which is less than or equal to zero is not changed. The expression is very similar to the Miller-
Abrahams formula describing the fundamental hopping process between the molecules. As the
mobility models which shall be applied in the simulation are based on the Miller-Abrahams
formula, the redenition of the interface hopping rates seems to be appropriate. Moreover, a
concentration and eld dependence is already included in this description since the hopping
rates depend on the mobility, which is considered to be a function of these quantities.21
2.4.3 Charge-Carrier Trapping
The purity of organic semiconductors is often not very high,22 and contaminations can act as
trap states. Therefore, the possible occurrence of trap states within the organic layers shall be
considered in the simulation model. For this, a very intuitive approach is chosen.
It is assumed that the total amount of trapping sites is small in comparison to the amount of
transport sites, i. e. Nt  Nst. This allows to neglect trap-to-trap transfer and to consider the
trapped charge carriers as completely immobile. Thus, they do not appear in the drift-diusion
equations and act only as a background-charge density which can easily be considered in the
calculation of the electric eld prole. Thereby, the amount of trapped charges is described
21In Chapter 3, it will be shown that this description is appropriate and meets the experimental results.
22Usually, the materials are three times sublimated before they are applied in experiments. Each sublimation
should reduce the contaminations within the materials to some percent of the original amount, e. g. an initial
contamination of 10% would be reduced by three sublimation processes, each with a purication yield of 95%,
to a nal impurity of 10−5. As typical carrier concentrations in organic semiconductor devices are in the range
from 10−9 to 10−2 of the state density Nst, an impurity of 10
−5 may inuence the charge transport signicantly.
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Figure 2.7: A distribution of hole-trapping states above a distribution of HOMO levels.
The trap distribution is described as the superposition of an exponential and a Gaussian
distribution, with the characteristic trapping depths Et,1 and Et,2. The quasi-Fermi levels EF
and EF,t determine the amounts of free and trapped charges, respectively.
by Fermi-Dirac statistics and a quasi-Fermi level which is determined by the amount of non-
trapped charges, i. e. EF,t = EF (see Fig. 2.7). The energetic distribution of trapping sites is
described as the superposition of an exponential and a Gaussian DOS
Ntrapping(E) =
Nt,1
Et,1
exp
(
− E
Et,1
)
+
Nt,2√
2π σ2t,2
exp
(
−(E − Et,2)
2
2σ2t,2
)
, (2.70)
with the total density of trapping sites Nt = Nt,1 +Nt,2 and the characteristic trapping depths
Et,1 and Et,2. Thereby, the exponential distribution is meant to describe shallow trap states,
while the Gaussian distribution is introduced to describe deep traps.
In view of the short-range character of the Miller-Abrahams transfer rates, trap-to-trap
hopping can be safely neglected in the limit of low trap concentrations. However, it is arguable
to what extent the distribution of trapped charges is describable as thermally relaxed, with
the Fermi level of the non-trapped charges. For instance, the electric eld F should give
rise to eectively lowered energy barriers between the traps and the adjacent transport sites.
This eld-induced reduction of trapping depth should be in the order of Fea, where e denotes
the elementary charge and a is determined by the state density Nst = 1/a3. Accordingly,
a simple description for eld-induced detrapping would be to reduce the trapping depth by
Fea. Equivalently, this can be interpreted as the separation of the Fermi levels EF,t and EF
determining the amounts of trapped and non-trapped charges, i. e.
∆(EF,t, EF ) = Fea . (2.71)
On the one hand, this simple description of eld-induced detrapping augments the concen-
tration of free charge carriers and decreases the amount of the immobile trapped charges. On
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the other hand, it implicitly inuences the mobility, which is described as a function of the
free-carrier concentration. However, it may be doubted that this simple treatment describes
both eects really conveniently. In literature, there exist more thorough studies on the trans-
port in disordered host-guest systems. For instance, Cottaar et al. [77] investigated disordered
host-guest systems in a master-equation approach and showed that an eective splitting of
Fermi levels would not show a simple linear dependence on the electric eld.
Though, with regard to the many simulation parameters which are required to describe the
distribution of trap states, it is questionable whether it is necessary to additionally consider
processes like eld-induced detrapping, because they may vary the simulation results in a similar
way as a slight variation of the available parameters would do. Therefore, the standard model
for charge-carrier trapping in the simulation neglects the eect of eld-induced detrapping. It
can be used optionally.23
2.4.4 Recombination
So far, everything relevant for unipolar devices has been introduced  injection, bulk transport,
transport across interfaces and charge-carrier trapping. In this section, the description of bipolar
transport and all the necessary modications of the simulation model will be discussed.
When holes and electrons propagate simultaneously in a device, they interact with each
other. There are two principal mechanisms for this, the Coulomb attraction and the recombi-
nation. To incorporate the Coulomb attraction into the simulation model is rather easy. It is
sucient to consider the inuences of both carrier species on the electric eld. This implic-
itly describes the Coulomb interaction and also aects eld-dependent quantities such as the
mobility.
The recombination involves the Coulomb interaction, but the more essential point is that it
annihilates holes and electrons. A simple picture for recombination was introduced by Langevin
in 1903 [78]. He proposed that an electron-hole pair24 should inevitably recombine when the
electron-hole distance becomes shorter than the Coulomb radius rC , which is dened as the
distance where the Coulomb energy ECoulomb and the thermal activation energy kBT coincide,
i. e.
ECoulomb(rC) =
e2
4πε0ε rC
= kBT . (2.72)
The electric eld due to the Coulomb attraction at this distance is given by
F (rC) = −
1
e
∂ECoulomb
∂r
∣∣∣∣
rC
=
e
4πε0ε r2C
. (2.73)
Thus, the hole current owing into the sphere of radius rC around a given electron reads25
Ip/e = p µpF · 4πr2C =
e µp
ε0ε
p . (2.74)
23The implementation of eld-induced detrapping in the simulation, including the model by Cottaar, is
specied in Appendix B.4. For the interpretation of experimental results in Chapter 3, the eect turned out to
be negligible.
24Actually, Langevin described the recombination of ions in a gas. However, this is not signicantly dierent
from the recombination of free holes and electrons in semiconductor materials.
25There is the tacit assumption that the mobility is isotropic, which is critical since organic thin-lm devices
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Accordingly, the total recombination rate per unit volume reads
Rrec =
e (µp + µn)
ε0ε
p n . (2.75)
In semiconductor materials, the thermal activation of electrons from the valence to the con-
duction band needs to be considered as well. Therefore, the complete formula for Langevin
recombination reads
RLangevin =
e (µp + µn)
ε0ε
(p n− n0 p0) , (2.76)
where p0 and n0 are the intrinsic concentrations of holes and electrons.
Aside from the Langevin recombination describing the annihilation of free electron-hole pairs
which fall below the critical radius rC , there is another relevant recombination process when
trap states are present. The point is that the trapped charges can recombine with free charges
of the other species. This means that the trapped charges cannot be ignored in the description
of recombination. A quantitative description for the trap-assisted recombination was developed
by Shockley, Read and Hall [79, 80]. They attributed a cross section At describing the carrier
capture probability26 to the trap states and determined the recombination rate
RSRH =
At · µpµnF ·Nt
µn(n+ n1) + µp(p+ p1)
(p n− n0 p0) , (2.77)
where p1 and n1 describe the concentrations of free holes and electrons when the Fermi energy
coincides with the trap level.27 Nt denotes the concentration of trap states. In Eq. 2.70, the
distribution of trap states was dened as the superposition of an exponential and a Gaussian
DOS with the total density of trapping sites Nt = Nt,1 + Nt,2 and the characteristic trapping
depths Et,1 and Et,2. By contrast, the recombination rate in Eq. 2.77 was derived for a single
trap level in the band gap. Thus, a correct implementation would require to consider all
trapping energies individually and to perform an integration, which seems a bit laborious. In
order to prove the relevance of the mechanism, it should be sucient to use an eective trapping
depth
Et,eff =
Nt,1Et,1 +Nt,2Et,2
Nt,1 +Nt,2
(2.78)
instead, for which the concentrations n1 and p1 are calculated. The cross section of carrier
capturing is described as At = a2, in accordance with the state density Nst = 1/a3.28
Thus, the total recombination rate can be expressed as
R = (kLangevin + kSRH)︸ ︷︷ ︸
k
(p n− p0 n0) , (2.79)
show anisotropy e. g. at the interfaces between dierent layers or between the domains of blend layers. Moreover,
the charge carriers move rather on favorable paths through the disordered lattice of sites than propagating as
a homogeneous continuum density. Therefore, the assumed recombination cross section of 4πr2C is arguable as
well. The applicability of the Langevin formula will be discussed in more detail in Chapter 3.
26Actually, they dened capture coecients, e. g. Cp describing the trapping rate of holes according to Cp ·p.
Equivalently, this rate can be expressed as At · jp = At · µpFp. Hence, Cp = At · µpF .
27It is noted that p1n1 = p0n0.
28Alternatively, one could dene the cross section as 4πr2C , such as in the Langevin model.
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with the coecients
kLangevin =
e (µp + µn)
ε0ε
, kSRH =
a2 · µpµnF · (Nt,1 +Nt,2)
µn(n+ n1) + µp(p+ p1)
. (2.80)
The recombination rate R needs to be considered in the continuity equation, which has to be
fullled for holes and electrons separately, i. e.
∂p
∂t
+ div jp =
∂n
∂t
− div jn = −R , (2.81)
where p, n denote the concentrations and jp, jn the currents of holes and electrons, at a given
place and a given time.29 In Sec. 2.3, two dierent ways have been described to obtain the
steady-state proles of the charge-carrier concentrations in the device. Thereby, the recombi-
nation rate R in the continuity equation was neglected, because only single-carrier transport
was examined. The eect of recombination shall now be incorporated and the formulas for the
development of the charge-carrier proles will be redened.
The rst way described an explicit Euler algorithm and led to a time-dependent solution
of the dierential equation system. The generalized expressions for the development of the
charge-carrier proles, including the eect of recombination, read
pi(t+ ∆t) = pi(t) +
(
jpi−1/2 − j
p
i+1/2
di
−Ri
)
·∆t︸ ︷︷ ︸
∆pi
(2.82)
and
ni(t+ ∆t) = ni(t) +
(
jni+1/2 − jni−1/2
di
−Ri
)
·∆t︸ ︷︷ ︸
∆ni
. (2.83)
Thereby, the time step ∆t can be calculated as expressed in Eq. 2.53 when the diusion coe-
cients and the velocities of both charge-carrier species are taken into account. The steady-state
criterion, as dened in Eq. 2.47, can be applied when the sum of hole and electron currents
ji+1/2 = j
p
i+1/2 + j
n
i+1/2 (2.84)
is inserted.
In the second way, a time-independent solution was derived from the stationary master
equation. As already mentioned, the master equation, as formulated in Eq. 2.18, demands that
the sum of hops away from a site i equals the sum of hops towards the site. This is equivalent
to the meaning of the continuity equation if no recombination occurs. And it is straightforward
to generalize this condition to the case when recombination occurs. Then, the sum of hops
towards a site i minus the sum of hops away from the site should be equal to the recombination
rate at the site. When only nearest-neighbor hopping rates on a 1D grid are taken into account,
the generalized master equation reads
jpi−1/2 − j
p
i+1/2 = j
n
i+1/2 − jni−1/2 = Ri . (2.85)
29The hole current jp has positive sign when owing from i to i+1, whereas the electron current jn is positive
signed when owing in the reverse direction.
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Figure 2.8: Illustration of the charge transfer on the numerical grid. The hopping rates r
and the current densities j have positive sign when oriented such as indicated by the arrows.
As already in Sec. 2.3, Eq. 2.85 is used to derive from given proles pi and ni new proles pnewi
and nnewi which are closer to the steady-state proles. The new hole-concentration prole is
calculated according to
(r+i−1,p pi−1 − r−i,p pi)− (r+i,p pi − r−i+1,p pi+1) = ki (pini − p0in0i )
r+i−1,p pi−1 + r
−
i+1,p pi+1 + ki p
0
in
0
i = pi · (ki ni + r+i,p + r−i,p)
pnewi =
r+i−1,p pi−1 + r
−
i+1,p pi+1 + ki p
0
in
0
i
ki ni + r
+
i,p + r
−
i,p
, (2.86)
and the new electron-concentration prole according to
(r−i+1,n ni+1 − r+i,n ni)− (r−i,n ni − r+i−1,n ni−1) = ki (pini − p0in0i )
r−i+1,n ni+1 + r
+
i−1,n ni−1 + ki p
0
in
0
i = ni · (ki pi + r+i,n + r−i,n)
nnewi =
r−i+1,n ni+1 + r
+
i−1,n ni−1 + ki p
0
in
0
i
ki pi + r
+
i,n + r
−
i,n
. (2.87)
As discussed in Sec. 2.3, a numerically stable development can be guaranteed when the charge-
carrier proles are changed gradually, according to
∆pi =
pi
pnewi + pi
· (pnewi − pi) , ∆ni =
ni
nnewi + ni
· (nnewi − ni) . (2.88)
2.5 Test Simulations
The models and algorithms presented in the precedent sections have been implemented in a
C++ program and will be tested in the following. As illustrated in Fig. 2.9, the simulation pro-
gram incorporates two dierent models  the Scharfetter-Gummel (SG) model for a continuous
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Figure 2.9: An overview on the models and algorithms which have been implemented in the
simulation program. There are two dierent models  the Scharfetter-Gummel (SG) model
for a continuous solution of the drift-diusion equations and the master-equation formulation
of the EGDM by Coehoorn. Furthermore, there are two dierent algorithms  the explicit
Euler algorithm for a time-dependent solution and the master-equation algorithm for a time-
independent solution. Thereby, both models can be combined with both algorithms.
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solution of the drift-diusion equations and the 1D master-equation (ME) model by Coehoorn.
The numerical treatment is very similar for both models, because it was possible to represent
both models by nearest-neighbor hopping rates r±i . The major dierence between the models
is that in the ME model the numerical grid is chosen in accordance with the state densities
of the organic layers, whereas in the SG model the choice of grid is free to a great extent.30
Concerning mobility, the ME model is consistent with the EGDM, whereas all available scalar
mobility models, i. e. the EGDM, the ECDM and the Poole-Frenkel (PF) model, can easily be
inserted in the SG model.
Both simulation models can be applied in combination with two dierent types of algorithms
 the explicit Euler (EE) algorithm for a time-dependent solution and the ME algorithm for a
time-independent solution. The possibility to calculate time-dependent solutions is potentially
powerful and applicable to the interpretation of transient characteristics.31 However, the focus
shall be on the steady-state characteristics. The implementation of dierent simulation models
and algorithms mainly results from the initial uncertainty about the applicability of the dierent
mobility models for organic semiconductors, but has also technical reasons. The rst available
models were the scalar mobility model by Pasveer (EGDM) and Bouhassoune (ECDM). Those
were tested rst in the EE algorithm within the SG scheme. Thereby, the simulation times were
found to be too long.32 The problem was solved with the ME technique used to derive a time-
independent solution. At last, the ME model by Coehoorn was implemented. It turned out to be
favorable in terms of simulation speed and to be the most accurate model for the interpretation
of experimental results. The ME model is closest to the precedent 3D simulations for the
transport in systems of Gaussian disorder, but it neglects the correlation of site energies which
could have possibly been relevant for the interpretation of experimental results. Moreover, the
ME model incorporates a parameter ζ which has to be chosen such that the ME results meet
the eld dependence of the mobility as described by the f(F ) function in the EGDM. This
means that a kind of calibration is necessary for the ME model, which requires the comparison
with the SG model.
In the following, a few tests regarding the correctness of the implementation will be done,
and it is explained why the ME model in combination with the ME algorithm is chosen as the
standard model for the interpretation of the experimental results presented in Chapter 3.
2.5.1 Scharfetter-Gummel Model
There is a simple analytic expression for the single-carrier drift current in a one-layer device
with Ohmic injection. It is known as Child's law (derived in Appendix A.3) and reads
j =
9
8
µ ε0ε
V 2
d3
, (2.89)
30In the SG model, the grid aects the numerical stability. But when the grid is chosen suciently ne, the
solutions are independent from the grid.
31It is noted that a proper transient simulation would additionally require to consider certain time- and
frequency-dependent mechanisms, e. g. displacement currents.
32The simulation time strongly depends on the initial state, the chosen boundary conditions, the mobility
model and the applied parameters. In extreme cases, simulation times of a few days and more were observed.
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where j is the current density, µ the mobility, V the applied voltage, d the device thickness
and ε0ε the dielectric constant. In order to check the implementation of the SG model, it shall
be tested whether the current-voltage characteristics of a 100 nm device with constant mobility
(µ = 10−4 cm2/Vs) and Ohmic injection meet this law at higher voltages when the diusion
component of the current becomes negligible. The simulation results are illustrated in Fig. 2.10
with red points and agree very well with the black curve representing Child's law. At low bias
voltages, the red points slightly exceed the black curve because the simulations additionally
take into account the diusion current which is oriented in the same direction as the drift
current.
Aside from the simulation with constant mobility, Fig. 2.10 shows two test simulations with
EGDM and ECDM mobilities. The parameters describing these mobilities have been chosen
such that the resulting IV characteristics can be compared to the case of constant mobility.
The simulations assume a temperature of 20 ◦C, DOS widths of 0.12 eV and 0.15 eV and state
densities of 1019 cm−3 and 1020 cm−3, respectively for EGDM and ECDM. Both simulations use
µ0(T ) = 10
−8 cm2/Vs as parameter for the mobility in the zero-eld and zero-concentration
limit. Thus, µ0(T ) is four orders of magnitude smaller than the constant mobility applied
before. These four orders of magnitude are regained by the functions describing the eld and
concentration dependence of the mobility. In the simulation with the EGDM, the eld and
concentration dependence of the mobility is strongly pronounced and leads to steeper IV char-
acteristics over the whole voltage range. By contrast, the simulation with the ECDM shows a
steep increase at small voltages, but attens in the high-voltage range. This is explained by
the strongly pronounced eld dependence of the ECDM mobility.33 It is expressed by a func-
tion f(T, F, p) that depends on the charge-carrier concentration p.34 This function decreases
with increasing carrier density and so does the electric-eld dependence of the ECDM mobility.
According to Bouhassoune [65], this is because for correlated disorder, broad valleys of ener-
getically low-lying sites exist that gradually ll up with charge carriers. Thereby, the escape
energy decreases with increasing carrier density, which means that lower elds are required.
The three simulations presented in Fig. 2.10 have been performed with both types of algo-
rithms. No variations in the resulting steady-state proles were observed. However, dierent
simulation times and numbers of iterations were found. For the calculations with constant
mobility, the EE and ME algorithms require similar numbers of iterations. For instance at
10V, 3 000 iterations are necessary in the EE algorithm, and 5 000 iterations are required when
the ME algorithm is used. This is also the case for the calculations with the ECDM mobility.
There, 3 000 iterations are required in the EE algorithm and 6 000 iterations in the ME algo-
rithm. The situation is dierent when the EGDM is applied to describe the mobility. Then,
the number of iterations increases tremendously, to 151 000 in the EE algorithm, whereas in
the ME algorithm the number of iterations stays small (6 000). The reason for the increased
number of iterations in the EE algorithm is the pronounced concentration dependence of the
EGDM mobility. During the rst iterations, the carrier concentrations on the grid points vary
signicantly. This leads to large gradients in the mobility and to small time steps.35
33In the ECDM, the eld dependence is more pronounced than the concentration dependence.
34By comparison, the eld dependence of the EGDM mobility is expressed by a function f(T, F ) that is
independent of the charge-carrier concentration p.
35Hence, the EE algorithm should not be applied in combination with the EGDM.
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Figure 2.10: Three IV simulations (points) are compared to Child's law (black solid
curve) for a 100 nm single-carrier device with Ohmic injection, a dielectric constant ε = 3
and a mobility µ = 10−4 cm2/Vs. The simulations are performed with the Scharfetter-
Gummel (SG) method and dierent mobility models. Red points: Poole-Frenkel (PF)
model with a constant mobility µ = 10−4 cm2/Vs. Green points: EGDM with parame-
ters µ0(20 ◦C) = 10−8 cm2/Vs, σ = 0.12 eV and Nst = 1019 cm−3. Blue points: ECDM with
parameters µ0(20 ◦C) = 10−8 cm2/Vs, σ = 0.15 eV and Nst = 1020 cm−3.
Moreover, it has been checked whether the simulation results are independent from the
chosen grid. The standard size for the segments in the numerical grid was set to 1 nm. The
algorithms turned out to be suciently stable and the results fairly independent of the grid,
up to a segment size of 10 nm.
2.5.2 Master-Equation Model
Unfortunately, there is no simple analytic model which could be used to verify whether the ME
model has been implemented correctly. Though, it can be checked if the simulation program is
capable to reproduce some of the results published by Coehoorn and coworkers [64].
Figure 2.11 illustrates simulations which model a 100 nm single-carrier device with Ohmic in-
jection and a built-in voltage of 2V. The simulations assume T = 298K, µ0(T ) = 10−6 cm2/Vs,
Nst = 10
21 cm−3 and two dierent parameter sets for σ and ζ (σ1 = 0.077 eV, ζ1 = 1.1 and
σ2 = 0.154 eV, ζ2 = 1.4). The black curves represent simulations by Coehoorn et al., they are
used as reference. The simulations performed with the implemented ME model are illustrated
by red and green points. They agree with the reference characteristics. A comparison with
the SG model (blue points) shows that the eld and concentration dependence of the scalar
EGDM mobility is met. To adjust the eld dependence, the ζ parameters have been chosen in
a way that the results of the ME model meet the results of the SG model. It was found that ζ
increases with the width of DOS, but that the increase of ζ saturates for higher σ/kBT . This
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Figure 2.11: Test simulations with the master-equation (ME) model by Coehoorn. The
simulations model the IV characteristics of a 100 nm single-carrier device with Ohmic injec-
tion, µ0(T ) = 10−6 cm2/Vs, Nst = 1021 cm−3 and Vbi = 2V, at T = 298K. Black curves:
reference simulations by Coehoorn [64]. Red points: simulation with σ̂ = σ/kBT = 3 and
ζ = 1.1. Green points: simulation with σ̂ = σ/kBT = 6 and ζ = 1.4. A comparison with
the Scharfetter-Gummel (SG) model (blue points) shows that the eld and concentration
dependence of the scalar EGDM mobility is met.
is in accordance with the results of Coehoorn et al., who had shown that ζ is not expected to
take values & 1.5. The inuence of the parameter ζ is visible predominantly in the high-voltage
range and appears to be by far less signicant than the inuence of the DOS width. Therefore,
it should be possible to keep ζ constant.
The comparison with the SG model also shows that the agreement between the two models
is best for small DOS widths and low carrier concentrations. This seems to be due to the
nonideality of the parametrization which was introduced by Pasveer et al. to describe the
mobility as a scalar function. In the inset of Fig. 2.3, it is shown that, in the regime of high
carrier concentrations, the scalar EGDM functions deviate signicantly from the mobilities
obtained in the studies on the charge transport in 3D systems of Gaussian disorder. Therefore,
the ME model by Coehoorn appears to be preferable and is chosen as the standard model.36
36The drawback of the additional parameter in the ME model is minor because ζ will be used as a constant.
Chapter 3
Analysis of Charge Transport in a White
OLED
In this chapter, the charge transport in a white OLED is analyzed with the developed simulation
model. For this, a series of test samples is prepared and characterized. The rst investigations
focus on the complete OLED  the OLED stack is dened, and its performance is characterized
experimentally (Sec. 3.2). Then, the OLED layers are investigated via ultraviolet photoelec-
tron spectroscopy (Sec. 3.3), which will give an idea about the HOMO distributions of the
materials. Subsequently, a series of hole-only devices, that contain parts of the OLED layers
and reconstruct the layer sequence of the OLED step by step, is prepared, and the measured
current-voltage characteristics are interpreted with the simulation program. Thereby, the goal
is to determine the exact transport-level prole for holes in the OLED. Similarly, a series of
electron-only devices is used to characterize the electron transport. Finally, the complete OLED
is simulated on the basis of the parameters that have been determined in the simulations of the
single-carrier devices. It is noted that many of the results in this chapter have been published
in journals [81, 82] and have also contributed to reports of the European project AEVIOM.1
3.1 Standard Preparation and Characterization of Samples
The samples in this study are built on indium tin oxide (In2O3:SnO2, ITO) coated glass sub-
strates (Thin Film Devices Inc., Anaheim). The sample layout is shown in Fig. 3.1(a). The four
ITO stripes on the glass substrate have a height of 90 nm and serve as transparent anode for
the four thin-lm devices which are built on top. These devices are composed of several organic
layers and an aluminium top contact, deposited one after the other by thermal evaporation in
a vacuum system (Kurt J. Lesker). The system is sketched in Fig. 3.1(c). The deposition takes
place in a single vacuum chamber with dierent sources at the bottom. The evaporation is
controlled via quartz-crystal monitors (QCMs), and also a simultaneous evaporation from dif-
ferent sources is possible as long as the sources are suciently distant and controlled by QCMs
that are sensitive only to the designated material. The QCMs are calibrated with the help of
a reference QCM which is positioned at the place where the samples are mounted, a rotating
1European Community's Seventh Framework program under Grant No. 213708 (AEVIOM)
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Figure 3.1: (a) Standard sample layout. The four stripes of indium-tin oxide (ITO) on
the glass substrate are covered by several organic layers and an aluminium (Al) top contact.
The overlap between the stripes of ITO and Al denes four identical devices with areas of
6.5mm2 each. (b) 16 samples on a large glass substrate. The simultaneous fabrication of the
16 samples avoids unwanted variations which could occur between successive fabrication runs.
(c) A sketch of the single vacuum-chamber deposition tool used for the device preparation.
sample holder in the upper center of the vacuum chamber. The sample holder is designed in
a way that 6 × 6 samples on a larger glass substrate (illustrated in Fig. 3.1(b)) can be coated
simultaneously. In this work, only the samples of the center 4× 4 array are used, because the
deposited lms show a high lateral homogeneity in this area. It has been shown that the layer
thickness within this array varies by less than 2% [83, 84], which is crucial for the comparability
of the processed devices. The essential is that the 16 samples can be covered by dierent masks
and shutters, which means that not necessarily all of the samples need to be exposed to the
evaporation of a certain material. This makes it possible to vary the layer thickness or the layer
composition laterally over the dierent devices in the array.2
For the deposition of the aluminium top contact a special mask is used. The overlap with
the bottom ITO stripes denes the active area of the device pixels (marked red in Fig. 3.1,
typically 6.5mm2). After the deposition of the top contact, the samples are encapsulated in the
glovebox, which is attached to the vacuum deposition chamber, under nitrogen atmosphere.
The encapsulated samples can be characterized in dierent measurement setups. Com-
monly, the characterization starts in an automated measuring setup consisting of a source meter
(Keithley 2400 ) to measure the current-voltage characteristics and a calibrated spectrometer
(Instrument Systems CAS 140CT-153 ) to measure the spectral radiant intensity Isr(λ, ϑ0) in
forward direction perpendicular to the substrate. When light-emitting samples are investigated,
the characterization is continued in a goniometer setup. There, the spectral radiant intensity
Isr(λ, ϑ) can be determined for dierent emission angles ϑ. The spectrometer in the setup
(Ocean Optics USB2400 ) is not calibrated on an absolute scale. Therefore, the reference mea-
surement with the CAS spectrometer has to be used for normalization.3 The spectral radiant
2Within this doctoral thesis, also dierent vacuum deposition tools have been used for the preparation of
test devices. However, for the sake of maximal comparability, only devices that have been built at the Lesker
tool are discussed in the following.
3In both setups, the spectra are determined at the same current  by default, at a brightness close to
1000 cd/m2.
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intensity Isr(λ, ϑ) is then used to determine important OLED parameters, such as the luminous
ecacy
ηl =
Φl
Pel
=
683 lm/W
UI
· 2π
∫
λ
∫
ϑ
V (λ)Isr(λ, ϑ) sin(ϑ) dϑ dλ , (3.1)
where Pel = UI denotes the electrical input power, Φl the luminous ux and V (λ) the photopic
luminosity function. Another important parameter is the external quantum eciency (EQE),
which is dened as the ratio of the emitted photon ux Ṅγ to the ux of injected electrons
Ṅe = I/e, i. e.
ηeqe =
Ṅγ
Ṅe
=
e
I
· 2π
hc
∫
λ
∫
ϑ
λ Isr(λ, ϑ) sin(ϑ) dϑ dλ , (3.2)
where hc/λ is the photon energy.
Last but not least, the current-voltage characteristics can be measured at dierent tempera-
tures inside a small vacuum-measurement chamber, wherein the sample is mounted on a copper
block. The copper block is permanently cooled by liquid nitrogen (N2L). The temperature is
altered by controlled heating (Eurotherm 2408 ) and measured by a chromel-alumel thermo-
couple, which is xed between the copper block and the sample. The system is calibrated
with the help of a test sample that incorporates a reference temperature sensor. The setup
can be used for measurements from −115◦ to +140◦C and has been shown to have an absolute
accuracy of ∆Tabs = 4.8K and a relative accuracy of ∆(T1 − T2)rel = 2.8K between tempera-
tures of successive measurements [83]. The current-voltage characteristics are measured by a
source-measurement unit (Keithley 2004 ) that has an accuracy of about 0.02% for the applied
voltages and measured currents. The serial resistance of the cables in the setup is about 10 Ω
and thus comparable to the sheet resistance of the ITO substrate, which is typically between 10
and 50 Ω/sq. It is noted that this setup has been used to measure all of the IV characteristics
presented in the following. When no further specications are given, the measurements have
been performed at +20◦C.
3.2 The OLED
The OLED to be analyzed is based on a three-color white design proposed by Schwartz et
al. in 2006 [39, 40]. The original stack by Schwartz is shown in Fig. 3.2(a). It repre-
sents a p-i-n structure with a p-doped layer of N,N,N',N'-Tetrakis-(4-methoxyphenyl)-benzidine
(MeO-TPD) doped with 2,3,5,6-Tetrauoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) and
an n-doped layer of 4,7-Diphenyl-1,10-phenanthroline (BPhen) doped with cesium (Cs). The
emission zone in the intrinsic region of the OLED is composed of a phosphorescent red emis-
sion layer (EL) {N,N'-di(naphthalen-1-yl)-N,N'-diphenyl-benzidine (NPB) doped with 5wt% of
Iridium(III)-bis-(2-methyldibenzo-[f,h]-chinoxalin)-(acetylacetonat) [Ir(MDQ)2(acac)]}, a phos-
phorescent green EL {4,4',4-Tris-(N-carbazol-9-yl)-triphenylamine (TCTA) doped with 8wt%
of Tris-(2-phenylpyridin)-iridium(III) [Ir(ppy)3]} and a uorescent blue EL {2,2',7,7'-Tetrakis-
(2,2'-diphenylvinyl)-spiro-9,9'-biuorene (Spiro-DPVBi)}. The uorescent and phosphores-
cent recombination zones are separated by a mixed interlayer (IL) {TCTA and 2,2',2-(1,3,5-
Phenylen)-tris-(1-phenyl-1H-benzimidazol) (TPBi) in a mixing ratio of 2:1}. The function of
the mixed IL is illustrated in Fig. 3.2(c)  it prevents the transfer of triplet excitons from the
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Figure 3.2: The white OLED under investigation. The original stack by Schwartz (a) shows
some shortcomings in terms of thermal stability and reproducibility, which are overcome in
the new stack (b). The exchange of materials made it necessary to readjust some of the layer
thicknesses in the OLED stack. The optimized values (highlighted red) led to the designated
color point (standard illuminant A) and to a luminous ecacy that is comparable to the
original one obtained by Schwartz. (c) The function of the interlayer (IL) between the green
and blue emission layers (ELs) is to prevent the transfer of triplet excitons from the green EL
to the non-radiative triplet states of the blue EL. This is achieved due to the higher triplet
energy of the IL (TIL ∼ 2.7 eV) in comparison to the triplet energies of the green and blue ELs
(Tgreen ∼ 2.4 eV, Tblue ∼ 2.0 eV) and because of the short-range character of the triplet-exciton
transfer.
green EL to the non-radiative triplet states of the blue EL. This is achieved due to the higher
triplet energy of the IL (TIL ∼ 2.7 eV) in comparison to the triplet energies of the green and
blue ELs (Tgreen ∼ 2.4 eV, Tblue ∼ 2.0 eV) [40] and because of the short-range character of the
triplet-exciton transfer. Moreover, the IL has an ambipolar character, i. e. the layer is perme-
able to both holes and electrons. The OLED has been designed for standard illuminant A, as
dened by the Commission Internationale de l Éclairage (CIE), and has achieved a moderate
luminous ecacy of about 13 lm/W [40]. The OLED lifetime is about one hour and is mainly
limited by the degradation of the blue emitter.4
Concerning the simulatability of the charge transport in this OLED, there are a couple of
problematic points. First of all, the simulation model is applicable only to materials with state
densities that are well described by Gaussian functions. Secondly, the IV characteristics of
the test devices shall be analyzed at a broad range of temperatures, which requires that the
materials are thermally stable. In particular, the BPhen layers are critical in that sense, because
they crystallize already at temperatures around +50◦C [87]. Also MeO-TPD is suspected to
be morphologically unstable. Another point is that the reproducibility of the BPhen:Cs layer
4The lifetime is dened as the time after which the luminance has dropped to 80% of the initial value of
1000 cd/m2, at a constant current. The given value has been measured on a test device.
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Figure 3.3: The OLED materials  the hole-transport materials Spiro-TTB, NPB and
TCTA; the electron-transport materials TPPhen and TPBi; the phosphorescent emitters
Ir(MDQ)2(acac) and Ir(ppy)3; the uorescent emitter Spiro-DPVBi; and the electrical dopants
F6TCNNQ and W2(hpp)4.
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is rather weak, since the doping with cesium cannot be easily controlled by a QCM, such
as it is possible for molecular dopants. Therefore, these critical components are replaced by
more convenient materials. In the new stack (illustrated in Fig. 3.2(b)), 2,4,7,9-Tetraphenyl-
1,10-phenanthroline (TPPhen) replaces BPhen in the n-doped layer and is doped with 4wt%
of Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato)ditungsten (II) [W2(hpp)4], a
molecular n-dopant. Moreover, TPPhen is used for the hole-blocking layer. On the p-side, 2,7-
Tetra-(di-p-tolylamine)-9-9-spirobiuorene (Spiro-TTB) replaces MeO-TPD and is doped with
4wt% of 2,2'-(Peruoronaphthalene-2,6-diylidene)dimalononitrile (F6-TCNNQ), a stronger p-
dopant than F4-TCNQ. NPB is used as electron-blocking layer and replaces 2,2',7,7'-Tetrakis-
(N,N-diphenylamino)-9,9'-spirobiuoren (Spiro-TAD). The materials of the new OLED stack
are illustrated in Fig. 3.3.
The exchange of materials in the OLED stack made it necessary to readjust the cavity, i. e.
some of the layer thicknesses, in order to reach the designated color point (standard illuminant
A) and a good luminous ecacy. The changes made are highlighted red in Fig. 3.2(b) and
concern the electrically doped layers, the green and blue ELs as well as the mixed IL. In
comparison to the original stack, the cavity is chosen slightly more narrow, but the position of
the recombination zone in reference to the aluminium top contact is about the same as in the
original stack.5
OLED variation CIE x CIE y Quantum Eciency Luminous Ecacy
1 5 nm IL 0.43 0.43 5.4 % 11.5 lm/W
2  0.50 0.44 8.9 % 19.0 lm/W
3  0.53 0.41 8.9 % 17.0 lm/W
4 12 wt% Ir(ppy)3 0.55 0.41 11.9 % 22.9 lm/W
5  0.53 0.42 9.4 % 17.5 lm/W
6 TCTA:TPBi 1:1 0.55 0.42 10.7 % 20.5 lm/W
7 TCTA:TPBi 1:2 0.54 0.44 9.9 % 20.0 lm/W
Table 3.1: 7 OLED test devices. Each of the OLEDs 2, 3, 5 represents the dened standard
stack with an interlayer thickness of 3 nm  they were built in dierent fabrication runs. The
average luminous ecacy for these samples is 18 lm/W, and the average color point is at CIE
(0.52,0.42), which is close to the black-body curve but a bit o from standard illuminant A
(0.45,0.41). The other samples are built to study variations of the interlayer (OLEDs 1, 6, 7)
and of the green emission layer (OLED 4). OLED 1 has an interlayer of 5 nm thickness and
shows a color point that is very close to standard illuminant A. In particular interesting is the
drastically reduced eciency of OLED 1, indicating that there is a loss mechanism related to
the interlayer.
In the following, 7 OLEDs (summarized in Tab. 3.1) will be characterized to obtain an idea
of the OLED performance. The rst two OLEDs are in accordance with the stack parameters
given in Fig. 3.2(b). The devices have been processed in the same fabrication run and dier only
in terms of the IL thickness. OLED 1 has a 5 nm thick IL and exhibits color coordinates that
are very close to standard illuminant A, as illustrated in Fig. 3.4(a). By comparison, OLED
5The center of the recombination zone lies approximately in the green EL.
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Figure 3.4: (a) Color coordinates of the OLEDs 1,2,3 and 4, illustrated in the xy color space
as dened by the Commission Internationale de l'Éclairage (CIE). (b) Normalized angular
radiance of OLED 1 vs. the Lambertian emission prole. (c, d) Normalized spectral radiance
of OLEDs 1 and 2 in forward direction at dierent levels of brightness.
2 has an IL thickness of only 3 nm and exhibits color coordinates that are still close to the
black-body curve but a bit o from standard illuminant A. A comparison of the OLED spectra
in Fig. 3.4 (c) and (d) shows that in the emission of OLED 2, the red component is pronounced
more strongly whereas the blue component is reduced. For both OLEDs, the spectra are very
stable at dierent brightness levels, and the angular radiance is almost perfectly Lambertian
(illustrated only for OLED 1, in Fig. 3.4(b)). The most interesting point is the tremendous
change in eciency  while OLED 1 obtains a luminous ecacy of only 11.5 lm/W and a
low quantum eciency of 5.4%, OLED 2 obtains quite respectable values of 19 lm/W for the
luminous ecacy and 8.9% for the quantum eciency. One might argue that this is due to
the shift between inecient uorescent and ecient phosphorescent emission. However, this
should not have such a drastic eect, as can be proven by simple considerations. For this, the
external quantum eciency shall be estimated under the assumptions that the recombination is
homogeneous over the emission layers and that non-radiative recombination processes in other
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layers of the OLED are negligible. The intrinsic radiative eciencies of the phosphorescent
emitters have been studied, e. g. by Meerheim and Mladenovsky [32, 88], and are considered
to be close to 80%. The typical triplet-singlet ratio of 3:1 then suggests to assume an intrinsic
radiative eciency of 20% for the uorescent blue emitter. The outcoupling eciency of
the original OLED by Schwartz has been determined by Freitag et. al. [85]. It was shown
that almost exactly 1/5 of the generated light is coupled out from the OLED cavity into air.
Hence, the estimated EQE is 1/5 · (80% + 80% + 20%) /3 = 12%. The shift from inecient
uorescent to ecient phosphorescent emission could at maximum augment the eciency to
1/5 · (80% + 80% + 80%) /3 = 16%. That means, the eciency should shift at maximum by a
factor of 4/3. By comparison, 8.9/5.4 is 1.65 and hence considerably larger than 4/3. Therefore,
the change in eciency cannot be explained by the shift between uorescent and phosphorescent
emission, and it seems that there is a loss mechanism related to the interlayer. As the loss in
eciency appears to be proportional to the interlayer thickness, one might directly think of
non-radiative recombination in the bulk of this layer. However, an altered IL thickness might
also change the charge balance in the OLED, due to a dierent permeability of the interlayer
to holes and electrons, and thereby implicitly inuence the eciency.
The other OLED samples (3-7) were built to study changes in the compositions of the green
EL and the IL. The OLEDs 3 and 4 have been processed together in the same fabrication run
and dier in terms of the emitter concentration in the green EL  OLED 3 exhibits the standard
concentration of 8wt%, whereas OLED 4 exhibits an augmented concentration of 12wt%. One
might presume that a higher concentration of the green emitter would simply enhance the green
component of the spectral radiance. However, as illustrated in Fig. 3.5(a), not the green but
predominantly the red component is increased. This can be explained by a modied charge-
carrier prole in the OLED, which in turn could result from a changed conductivity of the
green EL. However, a change in the electron conductivity of the green EL seems not to be
signicant, as the comparison of two n-i-n devices shows. The two electron-only devices have
been processed within the same fabrication run, together with OLEDs 3 and 4, and show the
same layer sequence as the OLEDs from the aluminium top contact up to the green emission
layer. Only the rst three layers on the p-side are replaced by two layers of n-doped and intrinsic
TPPhen, as illustrated in Fig. 3.5(b). The IV characteristics of the two n-i-n devices are very
similar and show that the electron conductivity in the layers on the n-side of the OLED is high
up to the red EL.6 Therefore, the increased red emission of OLED 4 is more likely due to varied
energy barriers for holes and electrons at the interface between the red and green ELs.
The last three OLED samples (5-7) again have been processed in a single fabrication run.
They dier in terms of the TCTA:TPBi ratio in the interlayer  OLED 5 exhibits the standard
ratio of 2:1, OLED 6 a ratio of 1:1 and OLED 7 a ratio of 1:2. According to Schwartz et al. [86],
such a variation of the TCTA:TPBi ratio should increase the electron mobility and decrease the
hole mobility in the IL, i. e. the recombination should shift towards the phosphorescent ELs. As
illustrated in Fig. 3.5(c), this indeed seems to be the case. The spectra presented in this gure
are normalized on the blue peak, and it becomes obvious that the phosphorescent emission
is systematically increased when the TCTA:TPBi ratio is reduced. The changed permeability
of the IL to holes also shows a clear inuence on the IV characteristics of the three p-i-p
6The high electron conductivity up to the red EL is also in accordance with the dominance of the red
component in OLED spectra.
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Figure 3.5: (a) Normalized spectral radiance of OLEDs 3 and 4 in forward direction. The
normalization has been performed in a way that the green peaks of the OLED spectra coincide.
(b) IV characteristics of two n-i-n devices that show the same layer sequence as OLEDs 3 and
4 from the aluminium top contact up to the green EL. (c) Normalized spectral radiance of
OLEDs 5-7 in forward direction. The normalization has been performed in a way that the
blue peaks of the OLED spectra coincide. (d) IV characteristics of three p-i-p devices that
show the same layer sequence as OLEDs 5-7 from the ITO bottom contact up to the blue EL.
devices illustrated in Fig. 3.5(d). These hole-only devices have been processed within the same
fabrication run, together with OLEDs 5-7, and show the same layer sequence as the OLEDs
from the ITO bottom contact up to the blue EL. Only the last two layers on the n-side are
replaced, as illustrated in Fig. 3.5(d). The observed dependence of the IV characteristics on the
TCTA:TPBi ratio may be due to a changed hole mobility in the IL, as proposed by Schwartz,
but could also be explained by a varied hole-transport level within the IL in combination with
varied energy barriers at the interfaces between the green EL and the IL and between the IL
and the blue EL.
70 Analysis of Charge Transport in a White OLED
3.3 Ultraviolet Photoelectron Spectroscopy
In order to obtain an idea of the HOMO distributions of the layers in the OLED, the layers are
investigated individually by ultraviolet photoelectron spectroscopy (UPS). The measurements
are performed with a Specs Phoibos100 setup under ultrahigh vacuum at a pressure below
10−9 mbar. For the characterization, single layer samples of 10 nm thickness are prepared on
silver and gold substrates in a vacuum-deposition cluster tool from Bestec. The samples are
typically transferred to the UPS setup without breaking the vacuum, but occasionally an interim
exposure to nitrogen atmosphere is necessary. In the UPS system, the samples are exposed to
UV light, for which the He-I line of a discharge lamp with an energy of hν = 21.22 eV is used,
and the kinetic energy Ekin of the ejected photoelectrons is analyzed (illustrated schematically
in Fig. 3.6(c)). As an additional accelerating voltage U of about 8V is applied, the binding
energy of the electrons is calculated according to
EB = Ekin − (hν + eU)︸ ︷︷ ︸
29.25 eV
. (3.3)
In the system, the sample is connected to ground and, initially, the kinetic energy of the
photoelectrons is determined in reference to the Fermi level in the sample  in the following,
energies in reference to the Fermi level are denoted as Eeff . The Fermi level in reference to the
vacuum level can be calculated from the smallest observed kinetic energy Eeffmin,
7 according to
EF = E
eff
min − hν . (3.4)
This in turn allows to express the binding energies in reference to the vacuum level, according
to
EB = E
eff
kin + EF︸ ︷︷ ︸
Ekin
−(hν + eU) = Eeffkin + Eeffmin − (2hν + eU)︸ ︷︷ ︸
50.47 eV
. (3.5)
The results are compiled in Fig. 3.6(a), which gives a summary of the measurements per-
formed on the individual layers of the OLED, from the p-doped Spiro-TTB layer up to the
blue EL. The binding energies of the photoelectrons, ejected from the single-layer samples, are
illustrated in reference to the vacuum level. It becomes obvious that the HOMO distributions
of the inner OLED layers are positioned at lower energies in comparison to those of the outer
layers on the p-side of the OLED. This should also be the case for the eective hole-transport
levels within these distributions, which means that the holes should be forced to overcome a
couple of energy barriers at the interfaces between the dierent organic layers. However, the
absolute positions of the transport levels cannot be easily extracted from the UPS measure-
ments, as there is no unique denition for the transport level and as typical denitions depend
on unknown parameters such as the carrier-localization length. Though, the energy barriers
at the interfaces may be determined from the simulations of convenient test structures. This
will be shown in the following sections of this chapter  the goal is to construct a complete
transport-level prole for the OLED.
In the simulation model, the distributions of transport sites are represented by Gaussian
functions. Accordingly, the UPS spectra are normalized on the rst peaks below the vacuum
7Commonly, the smallest observed photoelectron energy is denoted as high-binding cuto energy.
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Figure 3.6: (a) Normalized UPS measurements (points) for the dierent hole-transporting
layers of the white OLED. From the measurements, the DOS widths are derived by comparing
with Gaussian curves (lines). (b) Normalized UPS measurements for various layers with
TCTA. (c) Sketch of photoelectron detection in the UPS system. (d) Fermi edge of a silver
(Ag) substrate tted by the Fermi distribution, assuming temperatures of 300K and 460K. (e)
Schematic representation of the molecular ground state χ and the ionized state χ∗. During the
UPS measurement, the transitions (red arrows) occur between various vibrational sublevels.
This eectively broadens the UPS signal.
level, and the DOS widths of the layers are determined by comparing these peaks with Gaussian
curves. It would be ideal if the extracted DOS widths could be directly applied as input
parameters for the simulations. Therefore, it is crucial to know about the absolute accuracy
of these values. A simple test of accuracy has been performed on the Fermi edge of a silver
substrate. The measured UPS spectrum is illustrated in Fig 3.6(d) and has been tted by
the Fermi-Dirac distribution, assuming temperatures of 300K and 460K. It becomes obvious
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that the signal is not well reproduced when the ambient temperature of 300K, at which the
measurement was performed, is used in the Fermi function. By comparison, when an elevated
temperature of 460K is assumed, the Fermi function ts the UPS signal very well. This means,
the signal is broadened by 14meV, which might be due to electric eects within the setup or
due to the spectral width of the UV excitation that should be about 10meV. Also, a slight
heating of the sample might contribute.
Aside from this systematic error of the setup, there are also immanent features of the
organic layers that may broaden the UPS signal. For instance, there are molecular vibronic
modes that can be excited during the UPS measurement. Typical frequencies of molecular
vibrations range from 1012 to 1013 Hz and the corresponding phonon energies from 5 to 50meV.
As illustrated in Fig. 3.6(e), the molecular vibrations alter the energies of the ground state and
of the ionized state and thereby the ionization potential of the molecules. Furthermore, UPS
is a surface-sensitive technique with a penetration depth of a few nanometers. At the surface,
the relative dielectric constant changes gradually from about 3 to 1, which can inuence the
width of the DOS when the site energies are correlated.8 It is dicult and probably impossible
to exactly evaluate all these inuences. In the simulation model, the parameter for the DOS
width predominantly aects the mobility, in particular its concentration and eld dependence.
It is known from the comparison between the mobility models which take into account the
correlation in site energies and the models which neglect the correlation that parameter sets
combining a large DOS width and a small density of transport sites may be equivalent to other
parameter sets combining a smaller DOS width and higher density of transport sites [66, 67].
Therefore, it shall be attempted to directly apply the DOS widths as measured by UPS and to
use only the absolute density of transport sites as a tting parameter.
Aside from all these unwanted broadening eects concerning the UPS signal, there are also
broadening eects that occur when materials are doped or mixed. This is shown in Fig. 3.6(b)
illustrating UPS spectra of various layers with TCTA. The DOS width of a pure TCTA layer
is about 0.25 eV, and the DOS width stays approximately constant when TCTA is doped
with 8wt% of the green phosphorescent emitter Ir(ppy)3. However, when TCTA is mixed
with TPBi, such as in the interlayer of the OLED, the DOS width is apparently broadened.
In particular, the DOS width changes with the ratio of TCTA:TPBi, which agrees with the
postulated connection of the mobility and the TCTA:TPBi ratio in this layer. Moreover, it
becomes obvious that a mixture of two materials not necessarily results in an undisturbed
superposition of transport sites. In the case of TCTA:TPBi, the HOMO peak of the mixed
layer appears closer to the vacuum level than the HOMO peaks of the individual materials,
which shows that there are signicant interactions between the molecules of TCTA and TPBi.
3.4 The Concept for the Analysis of Charge Transport in
the OLED
In the following, the charge transport inside the white OLED introduced in Sec. 3.2 is analyzed
with the simulation program presented in Chapter 2  more precisely, with the master-equation
8Remember the ECDM where the site energies are calculated according to eq. 2.22.
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Figure 3.7: Energy schemes of (a) an n-i-n device and (b) a p-i-p device. (c) Series of n-i-n
and p-i-p test devices for the analysis of electron and hole transport in the white OLED. The
letters used to label the devices shall be associated with the red [NPB:Ir(MDQ)2(acac) (5
wt%)], mixed [TCTA:TPBi (2:1)], green [TCTA:Ir(ppy)3 (8 wt%)] and blue (Spiro-DPVBi)
layers in the OLED. A detailed summary of all test devices is given in Tab. 3.2.
approach for the Extended Gaussian Disorder Model. Thereby, hole and electron transport
are investigated separately in series of p-i-p and n-i-n devices that contain parts of the layer
sequence in the OLED and reconstruct the OLED step by step. The concept is illustrated in
Fig. 3.7(c), and a complete list of the p-i-p and n-i-n devices studied in the following is given
in Tab. 3.2.
The reason for this procedure is that the OLED contains many dierent layers of which
important parameters are unknown. These parameters can be determined only stepwise. The
symmetric structure of the p-i-p and n-i-n test devices has a couple of advantages in terms of
simulatability. First of all, the metal contacts and the electrically doped layers are chosen such
as in the OLED, i. e. if the injection model is appropriate to the test devices, it should also work
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p-i-p devices
1p 100 nm NPB
2p 200 nm NPB
a1p 20 nm NPB / 20 nm a / 60 nm NPB
a2p 20 nm NPB / 40 nm a / 40 nm NPB
b1p 20 nm NPB / 20 nm b / 60 nm NPB
b2p 20 nm NPB / 40 nm b / 40 nm NPB
c1p 20 nm NPB / 20 nm c / 60 nm NPB
c2p 20 nm NPB / 40 nm c / 40 nm NPB
rp 10 nm NPB / 20 nm red / 50 nm NPB
rg1p 10 nm NPB / 20 nm red / 10 nm green / 40 nm NPB
rg2p 10 nm NPB / 20 nm red / 20 nm green / 30 nm NPB
rgmp 10 nm NPB / 20 nm red / 10 nm green / 5 nm mixed / 35 nm NPB
rgmbp 10 nm NPB / 20 nm red / 3 nm green / 3 nm mixed / 10 nm blue / 35 nm NPB
rm1p 10 nm NPB / 20 nm red / 10 nm mixed / 40 nm NPB
rm2p 10 nm NPB / 20 nm red / 20 nm mixed / 30 nm NPB
rb1p 10 nm NPB / 20 nm red / 10 nm blue / 40 nm NPB
rb2p 10 nm NPB / 20 nm red / 20 nm blue / 30 nm NPB
n-i-n devices
1n 40 nm TPPhen
2n 60 nm TPPhen
b1n 40 nm TPPhen / 10 nm blue / 10 nm TPPhen
b2n 30 nm TPPhen / 20 nm blue / 10 nm TPPhen
mb1n 35 nm TPPhen / 5 nm mixed / 10 nm blue / 10 nm TPPhen
mb2n 30 nm TPPhen / 10 nm mixed / 10 nm blue / 10 nm TPPhen
Table 3.2: A summary of the single-carrier devices studied to analyze the hole and elec-
tron transport in the white OLED. The tables provide the sequence of intrinsic layers in
these devices, starting from the anode side. The standard thickness for the surrounding p-
doped Spiro-TTB and n-doped TPPhen layers is 50 nm, except for device rgmbp where 40 nm
are applied as in the analyzed OLED stack. The letters used to label the devices shall be
associated with the red [NPB:Ir(MDQ)2(acac) (5wt%)], mixed [TCTA:TPBi (2:1)], green
[TCTA:Ir(ppy)3 (8wt%)] and blue (Spiro-DPVBi) layers in the OLED. a, b, c represent
hypothetical layers with dierent transport properties used for a theoretical study on the
insertion of a layer into p-i-p device 1p. The numbers used in the device labels refer to varied
layer thicknesses, e. g. rg1p and rg2p refer to devices with thicknesses of 10 and 20 nm for
the green emission layer.
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for the complete OLED. As model for the injection from the metal contact to the electrically
doped layer, the Ohmic injection model (see Sec. 2.4.1) is chosen, which is benecial in the
sense that no additional simulation parameter is required. The reason for the applicability
of the Ohmic injection model is that the thermally assisted tunneling process through the
depletion layer of the doped layer at the metal interface is very similar to the hopping process
within the organic layers. The next advantage is that the p-i-p and n-i-n devices typically show
zero built-in voltage. The built-in voltage is a critical simulation parameter, because, used as
a tting parameter, it usually allows to bend the IV characteristics quite drastically and to
smear out the inuences of the mobilities and the energy barriers. The built-in voltage of the
p-i-p and n-i-n structures vanishes when both electrically doped layers are identical. This can
be understood as follows: Within the electrically doped layers, there is a high concentration of
free charge carriers besides the background concentration of ionized dopants. The high carrier
concentration implies that the Fermi level is close to the transport sites. As illustrated in the
energy schemes of Fig. 3.7 (a) and (b), this leads to symmetrically pinned Fermi levels on either
side of the device. In case a voltage is applied, the bias drops predominantly over the inner
intrinsic layers. This in turn leads to the fact that the relevant built-in voltage of the device is
determined by the oset between the vacuum levels of the two electrically doped layers at the
boundaries. Hence, the device shows zero built-in voltage when both layers are identical.
3.5 p-i-p Devices with Single Intrinsic Layers
The rst test devices to be analyzed are two p-i-p devices with intrinsic layers of NPB between
p-doped Spiro-TTB layers. These two devices dier in terms of the NPB layer thickness 
device 1p contains an NPB layer of 100 nm whereas device 2p contains an NPB layer of 200 nm,
all p-doped layers have a thickness of 50 nm. The IV characteristics of both devices have
been measured at various temperatures from −80 ◦C to +40 ◦C and are illustrated in Fig. 3.8
(a) and (b). For the t of experimental results, the master-equation model by Coehoorn has
been applied in combination with the master-equation algorithm.9 The ts (illustrated by lines)
reproduce the experiments (illustrated by points) very well, and it was possible to directly apply
the DOS widths, determined by the UPS measurements presented in Sec. 3.3, as simulation
parameters  a DOS width of 0.247 eV was used for the p-doped layer and a DOS width of
0.19 eV for the NPB layer. For the simulations, a number of free tting parameters were
available. First of all, there are three parameters regarding each of the two dierent organic
layers  the µ0 parameter for the mobility in the zero-eld and zero-density limit, the total
density of available hopping sites Nst and the relative dielectric constant ε. Secondly, there is
an interface parameter describing the energy oset ∆Etr between the transport levels of the
two layers. And nally, there is the concentration of active dopants pdope in the p-doped layers.
Unfortunately, it is not possible to unambiguously determine all these parameters by tting
the IV characteristics of only two p-i-p devices. And strictly spoken, not only the two devices
1p and 2p, but the complete series of p-i-p devices presented in the following has contributed
9The models were discussed in the Chapter 2. The master-equation model by Coehoorn incorporates the
Extended Gaussian Disorder Model (EGDM) for charge-carrier mobility. The model has been chosen because
it leads to the best agreement with the experimental results. Moreover, it is numerically more stable and faster
than the Scharfetter-Gummel method in combination with the scalar EGDM by Pasveer.
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Figure 3.8: (a, b) Experimental (points) and simulated (lines) IV characteristics of p-i-p
devices 1p and 2p. The devices contain 100 and 200 nm of NPB between p-doped layers
of Spiro-TTB. The numerical analysis allows to determine the transport parameters for the
two dierent organic layers and shows that the rising distance between curves of successive
temperatures is due to a freeze-out of active dopants. (c) Concentration of active dopants
pdope (logarithmic scale) as a function of inverse temperature. (d) Comparison of simulations
that apply the thermionic injection model (dashed curves) to simulations applying the Ohmic
injection model (solid curves). In the thermionic model, the ITO workfunction is set to
−4.6 eV below the vacuum level, i. e. 0.9 eV above the HOMO peak maximum of p-doped
Spiro-TTB. The thermionic injection is fairly equivalent to the Ohmic model, it only leads to
slight deviations in the high-voltage range.
to optimally adjust the parameters that determine the characteristics of the rst two layers in
the OLED. Thereby, it was possible to keep some of the parameters constant. For instance, the
relative dielectric constant was dened as ε = 3, which is typical for organic semiconductors,
and has not been used as a tting parameter. The state density Nst has been used as a tting
parameter. However, since it inuences the simulation results only moderately, it could be
approximated and was set to 1020 cm−3 for all the layers in the OLED. This is about one order
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of magnitude smaller than estimated from the molar mass and the density of the materials.
The discrepancy may be ascribed to the direct application of measured DOS widths and the
neglect of correlation in site energies within the EGDM [66, 67], as already explained before
(see Sec. 3.3). Thus, there were only four free parameters left. The concentration of active
dopants in the p-doped layers was adjusted to 2 · 1017 cm−3, i. e. 0.2% of Nst and the energy
barrier between the transport levels of the two dierent organic layers to ∆Etr = 0.23 eV. This
meets transport levels, e. g. at −5.1 eV in the p-doped layer and at −5.33 eV in the NPB
layer (compare with Fig. 3.6(a)). The two µ0 parameters were adjusted for every temperature.
Afterwards, the constants µ∗0 and C were determined: µ
∗
0 = 800 cm
2/Vs, C = 0.45 for p-doped
Spiro-TTB and µ∗0 = 3 cm
2/Vs, C = 0.34 for NPB. At this point, a problem occurred because
the postulated temperature dependence of the µ0 parameter for the mobility in the zero-eld
and zero-density limit
µ0(T ) = µ
∗
0 exp
[
−C
(
σ
kBT
)2]
(3.6)
in combination with a constant concentration of activated dopants and a constant energy barrier
would have led to a constant distance between the IV curves of successive temperatures, i. e. the
spread between the 40 ◦C curve and the 20 ◦C curve should be the same as between the −60 ◦C
curve and the −80 ◦C curve. However, this contradicts the experimental results, so that an
additional temperature dependent eect had to be taken into account. If one trusts in eq. 3.6,
the additional temperature dependence can only be attributed to the parameters pdope or ∆Etr.
A temperature dependence of the energy barrier would come as no surprise since the denitions
of the transport level discussed in Sec. 2.1 typically incorporate a temperature dependence,
which should result in a temperature dependent energy barrier between layers of dierent DOS
width. For instance, with the simplest denition of the transport level Etr = E0+(5/9)σ2/kBT ,
one would expect
d∆Etr
dT
=
5
9kBT 2
(σ22 − σ21) , (3.7)
which is 2 · 10−3 eV/K at a temperature of +40 ◦C and 4 · 10−3 eV/K at a temperature of
−80 ◦C (calculated with the DOS widths of p-doped Spiro-TTB and NPB). Over the complete
temperature range from −80 ◦C to +40 ◦C, one would then get a shift of more than 0.2 eV.
This would not match the experimental results at all. Moreover, any variation of the energy
barrier would alter the IV curve over the complete voltage range from 0 to 6V, while in the
experimental results the increased spread between the IV curves of successive temperatures
is pronounced only in the low voltage range. Therefore, the energy barrier appears to be
temperature independent, which is also plausible because the site energies of the two DOSes are
temperature independent themselves.10 On the other hand, a freeze-out of active dopants seems
to match this behavior very well. The ts of the measured IV characteristics in Fig. 3.8 assume
a constant dopant concentration of 2 · 1017 cm−3 at temperatures above −20 ◦C and dopant
concentrations of (1.9, 1.7, 1.3) · 1017 cm−3 at (−40,−60,−80) ◦C. The freeze-out of dopants is
10In Sec. 2.4.2, the description of charge transport across interfaces has been dened in analogy to the Miller-
Abrahams expression for the hopping process between molecules. Therefore, the energy barrier at an interface
is rather related to the energy oset between the DOS tails than to the oset between the bulk transport levels.
This also means that there is a slight discrepancy between the meanings of the term transport level in the 1D
simulation model and in the theoretical models discussed in Sec. 2.1, which should be kept in mind.
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illustrated in Fig. 3.8(c) and does not show a simple monoexponential behavior, as one could
probably expect.
Aside from a freeze-out of dopants, one could also presume that the injection into the p-
doped Spiro-TTB layer shows a temperature dependence and should rather be described by
the thermionic injection model than by the Ohmic injection model. This has been checked in
the simulations illustrated in Fig. 3.8(d). There, the simulations of the +40 ◦C and −80 ◦C IV
characteristics have been repeated with the thermionic injection model by Scott (see Sec. 2.4.1)
under the assumption that the contact Fermi level is 0.9 eV above the DOS maximum of the
p-doped layer. The Fermi level corresponds to an ITO workfunction of −4.6 eV, since the
maximum of the HOMO peak of p-doped Spiro-TTB is at −5.5 eV below the vacuum-level (see
Fig. 3.6(a))  it has been chosen such that the injection limitation starts to get noticeable.
The injection limitation only aects the IV characteristics of device 1p in the high-voltage
range. This means, thermionic injection is fairly equivalent to Ohmic injection as long as the
ITO workfunction is below −4.6 eV, which is guaranteed by a plasma treatment of the ITO
substrates. Hence, the freeze-out of dopants stays the only reasonable explanation, and for
simplicity, the following IV measurements are restricted to the temperature range from −20 ◦C
to +40 ◦C where the concentration of active dopants can be regarded as constant.
The last point to note is that also the ζ parameter, used to adjust the eld dependence of
the mobility so that it coincides with the scalar EGDM by Pasveer, is set constant to 1.4 in all
simulations. That the eld dependence of the mobility agrees well with the scalar EGDM is
proven in Appendix C.2. The simulation parameters are summarized in Appendix C.1.
3.6 Distinction between Bulk and Interface Limitation
On the basis of the model developed for the two p-i-p devices 1p and 2p, the hole transport
within the inner layers of the OLED will be analyzed in the following. The idea is to insert the
inner layers of the OLED into the intrinsic NPB layer of p-i-p device 1p, one after another, and
to investigate the changes in the IV characteristics. Principally, there are two dierent ways
in which an additional layer may restrain the hole transport. Firstly, there can be an energy
barrier at the interface to the inserted layer. Secondly, the bulk conductivity of the inserted
layer can be lower than that of the surrounding layers. It would be interesting to know how
these two dierent eects, of interface and bulk limitation, inuence the IV characteristics and
whether it is possible to discern interface from bulk limitation within the OLED. Therefore,
the insertion of a layer into a p-i-p device will rst be studied theoretically. For this, three
hypothetical layers a, b, c are considered that shall replace parts of the intrinsic NPB layer in
device 1p, as sketched in the inset of Fig. 3.9(a). The replacement of NPB starts 20 nm behind
the rst interface, between p-doped Spiro-TTB and NPB, and is carried out over distances of
20 and 40 nm. The two thicknesses of 20 and 40 nm are attributed to each of the inserted layers
and referenced by labels 1 and 2. At the interface between NPB and the inserted layer, an
energy barrier of 0.23 eV is assumed for each of the three layers  the same energy barrier as
between p-doped Spiro-TTB and NPB. The three layers shall dier in terms of mobility and
in terms of whether they exhibit trap states.
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Figure 3.9: (a) Theoretical study on the insertion of three layers a, b, c with dierent
transport properties (summarized in Appendix C.1) into p-i-p device 1p. For each of these
layers, thicknesses of 20 (label 1) and 40 nm (label 2) are considered. The dependence of the IV
characteristics on the thickness of the inserted layer in the low-voltage regime allows to discern
strong current-limiting factors such as trap states in the bulk of the inserted layer (attributed
to layer c) from the limitation by the energy barrier at the interface to the inserted layer
(attributed to all inserted layers). (b) Measured IV characteristics of 7 p-i-p devices (lines)
for the analysis of hole transport in the white OLED. The measurements reveal a limitation
of hole transport at the interface between the red and green EL and in the bulk of the mixed
IL. The energy barrier which forms between the red and blue EL appears to be larger than
the barrier between the red and green EL. The triangles (O,M) represent simulations for the
devices rm1p and rm2p and assume deep trap states around the middle of the band gap in
the mixed IL. (c) Hole concentration (left scale, solid curves) and mobility (right scale, dashed
curves) vs. position in device a1p at 0.5V (red) and 3V (black). (d) Electric eld (left scale,
solid curves) and Fermi energy (right scale, dashed curves) vs. position in device a1p at 0.5V
(red) and 3V (black).
The rst inserted layer a has the same mobility as NPB and exhibits no traps. As illustrated
in Fig. 3.9(a), the energy barrier at the interface to the inserted layer considerably aects the IV
characteristics and leads to reduced currents. Thereby, the limitation becomes less signicant
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at higher voltages. For instance at 0.5V, the IV characteristics of devices 1p and a1p dier
by almost three orders of magnitude, but they become nearly identical for voltages above 2 V.
This behavior is explained by the charge-carrier dependence of the mobility (illustrated in
Fig. 3.9(c)): At low voltage, there is sucient thermal injection from the p-doped layer to the
intrinsic NPB layer (over the energy barrier at the rst interface in the device), and the current
is limited by the energy barrier at the interface to the inserted layer (second interface in the
device), which is apparent because of the low charge-carrier concentration in the third layer
behind the second interface. At higher voltage, the mobility in front of the second interface is
enhanced due to an increased charge-carrier concentration. Therefore, the transport across the
energy barrier to the inserted layer is facilitated, resulting in equal charge-carrier concentrations
behind the two interfaces and the limitation of current by the rst interface. Thus, the insertion
of a layer with a deep transport level into the intrinsic region of a p-i-p device modies the IV
characteristics predominantly at low voltage and becomes less signicant at higher voltages.
Furthermore, it is apparent that the IV characteristics of devices a1p and a2p are independent of
the thickness of the inserted layer (for positive voltages). The reason is that in the region from
the accumulated holes in front of the inserted layer up to the depletion zone of the following
p-doped layer, the electric eld is at its maximum in the device and nearly constant (Fig. 3.9(d)
shows the electric-eld prole in device a1p at 0.5 and 3V). This dominates the loss of bias in
the devices a1p and a2p at low voltages and explains their similar IV characteristics, because
the distance from the left interface of the inserted layer to the depletion zone of the following
p-doped layer is the same in both devices.
The second inserted layer b also contains no traps but has a lowered mobility, described with
the parameters of p-doped Spiro-TTB. The lowered mobility mainly inuences the high-voltage
range and leads to slightly reduced currents and to a marginal dependence on the thickness of
the inserted layer. At low voltage, the deviations from the characteristics of the devices a1p and
a2p are negligible. This means that the inuence of the energy barrier on the IV characteristics
in this regime is not smeared out by the mobility, which is important since the energy barriers
shall be determined from the IV characteristics.
The third inserted layer c has the same properties as layer b but additionally contains trap
states, described by an exponential trap distribution (Nt,1 = 1017 cm−3, Et,1 = 1 eV) with a
density close to the concentration of active p-dopants in Spiro-TTB (pdope = 2 · 1017 cm−3). In
comparison to the devices b1p and b2p, the currents are considerably reduced at low voltage due
to a changing Fermi level and the lling of trap states. At higher voltages, the Fermi level rises
less and the lling of trap states saturates. Therefore, the currents become similar to those of
devices b1p and b2p. In the regime where the traps are lled, a clear dependence on the thickness
of the inserted layer is observable. Consequently, it is possible to conclude from a thick-
ness variation of the inserted layer whether there are trap states in the bulk of the inserted layer.
It is particularly important to identify trap states in the OLED. On the one hand, traps
can reduce the OLED eciency because they decrease the conductivity of the organic layers
and act as centers for non-radiative recombination. On the other hand, traps also hinder the
numerical analysis because the parameters describing the trap states are typically numerous
and correlated with the other simulation parameters. Fig. 3.9(b) shows the IV characteristics
of devices which were fabricated to analyze the green and blue ELs as well as the mixed IL of
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the white OLED for hole-trapping states. The reference p-i-p device rp comprises NPB and
20 nm of NPB:Ir(MDQ)2(acac) (red EL) between p-doped Spiro-TTB layers. The devices rgp
and rbp additionally contain inserted layers of TCTA:Ir(ppy)3 (green EL) and Spiro-DPVBi
(blue EL), respectively. At low voltage, the devices show lower currents in comparison to the
reference device rp and no dependence on the thickness of the inserted layer is observed, which
clearly demonstrates the limitation of the current by energy barriers at the interface between
the red and green EL in device rgp and at the interface between the red and blue EL in device
rbp. By contrast, the devices with the mixed IL of TCTA:TPBi (rm1p and rm2p) show a
strong dependence on the thickness of the inserted layer, which demonstrates the presence of
hole-trapping states in the IL. As the separation of their IV characteristics is broad only in a
small bias range, the trap states are likely to be of considerable depth. The occurrence of deep
trap states in the mixed interlayer between the uorescent and phosphorescent recombination
zones is critical, because they could act as recombination centers and augment non-radiative
losses.
Moreover, the IV characteristics of the three devices rg1p, rm1p and rb1p show that the
energy barrier between the red and blue EL is larger than the other two barriers between the
red and green EL, and between the red EL and the mixed IL. This suggests the lowest transport
level in the blue EL and agrees with the UPS results, which showed that the blue EL has the
highest ionization potential (see Fig. 3.6(a)). The absolute positions of the transport levels will
be analyzed in the following by simulations.
3.7 The Hole-Transport Level Prole
With the acquired knowledge, the numerical analysis of hole transport in the OLED is contin-
ued. The layer next to the intrinsic NPB layer is the red EL  NPB doped with 5wt% of the
phosphorescent emitter Ir(MDQ)2(acac). The UPS measurements (Fig. 3.6(a)) show the same
ionization potential and DOS width for pure NPB and NPB:Ir(MDQ)2(acac), which suggests
that there is no energy barrier for hole transport at the interface between NPB and the red
EL. However, as shown by Olthof et al. [74], an interface dipole of −0.1 eV is observed between
the two layers, which can be explained by a charge transfer between the molecules of NPB and
Ir(MDQ)2(acac) or by a preferential orientation of the polar Ir(MDQ)2(acac) molecules at the
interface. In the simulations, an equivalent energy barrier of +0.1 eV is assumed between the
hole-transport levels of NPB and the red EL. As illustrated in Fig. 3.10(a), this leads to accu-
rate IV simulations of device rp, which contains 20 nm of the red EL in the intrinsic region, for
voltages between −6 and +6V and temperatures from −20 to +40 ◦C. The mobility attributed
to the red EL is chosen to be a factor ve smaller than the mobility of pure NPB.11 This has
only marginal inuence on the simulated IV curves of device rp but is benecial to accurately
describe the hole transport across the 3rd interface in the white OLED, between the red and
green EL.
In the UPS measurements (Fig. 3.6(a)), the green EL shows the same DOS width as the
p-doped Spiro-TTB layer (σ = 0.25 eV). Consequently, in a rst attempt to simulate the devices
rg1p and rg2p, which additionally contain 10 and 20 nm of the green EL next to the red EL,
11The simulation parameters are summarized in Appendix C.1.
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Figure 3.10: Experimental (points) and simulated (lines) IV characteristics of p-i-p devices
(a) rp, (b) rg1p and (c) rg2p. The numerical analysis allows to determine the transport
parameters for the red and green ELs in the OLED. The applied energy barriers (red) are
illustrated in the device schemes on the top right.
the mobility of p-doped Spiro-TTB is also used for the green EL, and solely the energy barrier
between the red and green EL is adjusted  the optimized value is +0.17 eV, as illustrated
in the device scheme of Fig. 3.10. Due to the similarity of the phosphorescent red and green
emitters, the dipole eect at the interface between NPB and the red EL is assumed to recur
at the interface between the green EL and NPB, whereas vacuum-level alignment is assumed
between the two ELs (see the resulting energy-level prole in Fig. 3.12(b) for clarity). As the
simulations agree well with the experimental results for both devices (Fig. 3.10 (b) and (c)),
these assumptions seem to be justied.
In the OLED layer sequence, the green EL is followed by the mixed IL of TCTA:TPBi (2:1).
In the precedent section, it was demonstrated that this layer contains hole-trapping states.
However, in rst simulations for device rgmp, which additionally contains 5 nm of the mixed IL
next to the green EL, the trap states are ignored. As illustrated in Fig. 3.11(a), good ts for the
IV characteristics of device rgmp are obtained with energy barriers of −0.05 eV at the interface
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Figure 3.11: Experimental (points) and simulated (lines) IV characteristics of p-i-p devices
(a, b) rgmp and (c, d) rgmbp. The numerical analysis allows to determine the transport
parameters of the mixed IL and the blue EL in the OLED. The applied energy barriers (red)
are illustrated in the device schemes on the top. Both devices can be simulated with (w) and
without (w/o) traps in the IL, which leads to an ambiguous transport level in this layer.
between the green EL and the mixed IL (4th interface in the OLED) and of −0.22 eV at the
interface between the mixed IL and NPB. Thereby, an interface dipole of +0.1 eV is assumed
at the interface between the green EL and the mixed IL, whereas vacuum-level alignment is
assumed between the mixed IL and NPB. The resulting transport level in the mixed IL is at
−5.55 eV below the vacuum level (0.45 eV below the reference transport level in the p-doped
layer at −5.1 eV). This is slightly lower than the resulting transport level in the green EL at
−5.5 eV below the vacuum level. By contrast, a look on the UPS results in Fig. 3.6(a) rather
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suggests that the transport level in the mixed IL is a bit higher than in the green EL.
In the theoretical study on the insertion of a layer into the intrinsic region of a p-i-p device
(Sec. 3.6), it was mentioned that the simulation parameters of trap states are usually correlated
with the other simulation parameters. This means that normally it is not possible to unam-
biguously extract the energy barrier to an inserted layer when trap states occur in this layer.
Here, the neglect of trap states in the mixed IL leads to a lower transport level as when traps
are taken into account. To examine this deviation, an additional exponential trap distribution
is introduced to the mixed IL, with a total site density Nt,1 = 2 · 1017 cm−3 and a characteristic
trapping depth Et,1 = 1.0 eV. With these parameters for the trap distribution in the mixed IL,
the best simulation results (illustrated in Fig. 3.11(b)) are obtained with an energy barrier of
−0.12 eV at the interface between the mixed IL and NPB and with a 20 times higher mobility
in the mixed IL in comparison to the trap-free case (see Appendix C.1). The optimized energy
barrier of −0.12 eV coincides with a transport level in the mixed IL at −5.45 eV below the
vacuum level, which is 0.1 eV higher than in the trap-free case. The comparison of Fig. 3.11(a)
and Fig. 3.11(b) shows that dierent parameters for the trap distribution can lead to similarly
good simulation results. In principle, this allows to shift the transport level in the mixed IL
arbitrarily. However, best ts were obtained with transport levels between −5.55 and −5.45 eV
below the vacuum level. Higher transport levels cause stronger deviations, especially in the
low-voltage regime. Thus, the proposed parameters for the trap distribution somehow repre-
sent the highest acceptable trapping strength in the mixed IL and should not be understood as
absolute.
The last layer in the white OLED with relevance to hole transport is the blue EL. The
measured DOS width of this layer is the same as for the red EL (σ = 0.19 eV), and the UPS
measurements in Fig. 3.6(a) show that it has the highest ionization potential of all layers.
The layer is considered as trap-free and its mobility parameters are not very signicant in the
simulations of device rgmbp, which contains all the hole-transporting layers with the actual
layer thicknesses of the analyzed OLED stack. For simplicity, the mobility parameters of the
red EL are used as well for the blue EL, and the transport level of the blue EL is optimized
under the assumption of vacuum-level alignment at the interfaces to the mixed IL and to the
NPB layer. The optimized transport level of the blue EL lies at −5.7 eV below the vacuum
level. The simulated IV characteristics of device rgmbp, with and without the assumption of
trap states in the mixed IL, are illustrated in Fig. 3.11 (c) and (d). The resulting transport-level
prole for the hole transport in the OLED is illustrated in Fig. 3.12(b).
Discussion of Hole Transport
A comparison of Fig. 3.12(a) and 3.12(b) shows that the transport levels and energy barriers
assumed in the simulations agree well with the energies observed in the UPS measurements.
The obtained transport levels range from −5.1 eV in the p-doped layer down to −5.7 eV in
the blue EL and lie in the tails of the DOS. It suggests itself to compare the obtained values
with the theories on the transport level discussed in Sec. 2.1.12 The simplest denition that
12Actually, the meanings of the term transport level in the 1D simulation model and in the theoretical models
presented in Sec. 2.1 are dierent: In the simulation model, the transport level is described as temperature
independent and is dened by the eective energy barriers between the dierent organic layers, while in the
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Figure 3.12: (a) Normalized UPS measurements (points) for the dierent hole-transporting
layers in the white OLED. From the measurements, the DOS widths of the materials are
derived by comparing with Gaussian curves (lines). (b) Resulting energy-level prole for hole
transport in the white OLED. The scheme illustrates vacuum levels and interface dipoles
(blue), as well as transport levels and energy barriers (red), as applied in the numerical
simulations for the studied p-i-p devices. The obtained transport levels may also be compared
with the UPS measurements in (a). As examples, the transport levels of the p-doped layer
and of the three ELs were marked with large crosses (×).
was given for the transport level is Etr = E0 + (5/9)σ2/kBT , where E0 denotes the energy
at which the Gaussian DOS is maximal. For instance, in the p-doped layer and the blue EL,
the maxima of the HOMO distributions are at −5.5 eV and −6.08 eV below the vacuum level,
respectively. With the measured DOS widths of 0.25 eV and 0.19 eV, the transport levels should
theoretical models it describes the energy at which the charge transport is most probable. The comparison
drawn here is still meaningful, because it is more about the eective broadening of the DOS widths than about
the absolute positions of the transport levels.
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be at −4.2 eV and −5.3 eV, instead of at −5.1 eV and −5.7 eV as illustrated in Fig. 3.12. By
comparison, the observed transport levels would be matched if both DOS widths were taken
equal to 0.13 eV and roughly matched if the DOS widths were contracted by a factor 2/3.13 On
the other hand, the denition of the transport level by Arkhipov∫ ∞
Etr
g(E) (E − Etr)3 dE =
6
π
(kBT/lloc)
3 (3.8)
can match the observed transport levels in combination with the measured DOS widths if
carrier-localization lengths (lloc) of 0.5 nm in the p-doped layer and of 1 nm in the blue EL
are assumed.14 The carrier-localization length lloc was introduced with the Miller-Abrahams
hopping rates and describes the decay of the carrier-wave function within the tunneling barrier
between neighboring hopping sites. With regard to typical distances between hopping sites of
1 to 2 nm and the carbon-carbon distance of about 1.4 Å, these values for lloc seem somewhat
small but not completely irrational. However, alarming is that the carrier-localization length
changes drastically with the DOS width.
It was already discussed in Sec. 3.3 that the UPS signal is broadened by vibronic modes
of the molecules as well as by electrostatic screening eects at the surface to the vacuum.
Therefore, a typical broadening of the DOS widths by a factor of about 1.5 seems most likely,
while a strong dependence of the carrier-localization length on the DOS width seems rather
unphysical.
In the presented simulation series, these broadening eects have been compensated by an
eectively adjusted state density Nst, which is about one order of magnitude lower than esti-
mated from the molar mass and the density of the materials and which could be kept constant
for all materials. It turned out that the parameter for the DOS width has a rather strong in-
uence on the simulation results, especially in the outer layers of the investigated p-i-p devices.
The reason is that it determines the charge-carrier and electric-eld dependence of the mobility,
which in turn inuences the current across interfaces where charge carriers accumulate. This
means that the resulting energy barriers are not independent of the applied DOS widths, and it
might as well be possible to describe the discussed IV characteristics with a narrower transport-
level prole and narrower DOS widths. On the other hand, the direct application of measured
DOS widths has worked out well and is very convenient. It allows to consistently describe
the complete series of p-i-p devices summarized in Tab. 3.2 with the simulation parameters
summarized in Appendix C.1 and to visualize the transport levels directly in the UPS scans.
Admittedly, the transport-level prole has been constructed in reference to the transport level
in the p-doped layer at −5.1 eV below the vacuum level, which was chosen rather arbitrarily.
Thus, the absolute position of the prole could also be shifted.
Furthermore, it has been demonstrated that the transport level of an inserted layer can only
be extracted unambiguously from the IV characteristics when the layer is free of trap states.
And it has been shown that it is possible to identify trap states inside the layer by analyz-
ing how the IV characteristics depend on the layer thickness. Within the OLED, trap states
13The calculation with σ = 0.13 eV gives transport levels at −5.14 eV in the p-doped layer and at −5.72 eV in
the blue EL. The calculation with 2/3σ yields transport levels at −4.91 eV in the p-doped layer and at −5.76 eV
in the blue EL.
14With these values for the carrier-localization length, eq. 3.8 yields transport levels at −5.09 eV in the p-doped
layer and at −5.69 eV in the blue EL.
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were encountered in the mixed IL between the uorescent and phosphorescent recombination
zones. In the presented simulations, an exponential trap distribution with a relatively moder-
ate trapping strength (Nt,1 = 2 · 1017 cm−3, Et,1 = 1.0 eV) has been attributed to this layer.
However, this description seems only appropriate for small IL thicknesses (≤ 5 nm). For larger
IL thicknesses, the trapping strength appears to be stronger. For instance, the samples rm1p
and rm2p with 10 and 20 nm of the mixed IL next to the red EL have been simulated with
a combined exponential and Gaussian trap distribution (Nt,1 = 5 · 1017 cm−3, Et,1 = 0.75 eV,
Nt,2 = 6 ·1017 cm−3, Et,2 = 1.5 eV, σt,2 = 0.75 eV). The simulations are illustrated in Fig. 3.9(b)
by triangles (O,M). In these devices with large IL thickness, the trap density seems to be much
higher than before in the samples rgmp and rgmbp with thinner ILs. This may be explained by
the morphology of the mixed IL, the layer might not be suciently smooth and homogeneous,
or by a distribution of transport sites which is not well described by a Gaussian DOS. Partic-
ularly interesting is that in the simulations, a considerable amount of deep trap states had to
be attributed to the mixed IL, because such trap states could act as recombination centers and
thereby augment non-radiative losses.
3.8 Comparative Analysis of Hole and Electron Transport
Similar to hole transport, the electron transport in the OLED will be analyzed in a series of
n-i-n devices with n-doped layers of TPPhen. The main problem for this analysis is that hardly
anything is known about the distributions of the lowest unoccupied orbital levels (LUMOs) and
the corresponding DOS widths. Therefore, it is intended to do the analysis in a comparative
way, meaning that the already known parameters for the hole mobilities shall be used as well
to describe the electron mobilities.
The rst electron-only devices 1n and 2n contain single intrinsic TPPhen layers of 40 and
60 nm, their IV characteristics are illustrated in Fig. 3.13 (a) and (b). In the simulations,
the parameters of p-doped Spiro-TTB are applied to n-doped TPPhen and the parameters of
NPB to the intrinsic TPPhen layer.15 To meet the experimental results, an exponential trap
distribution (Nt,1 = 2 · 1017 cm−3, Et,1 = 0.6 eV) is additionally attributed to all of the layers
in the n-i-n sequence. The energy barrier between the n-doped and the intrinsic layer is set to
+0.05 eV. The ts obtained with these assumptions are very good, as illustrated in Fig. 3.13.
The small energy barrier and the presence of trap states make the IV characteristics change
quite drastically with the thickness of the intrinsic TPPhen layer, which is the reason why the
intrinsic layers were chosen thinner in comparison to the p-i-p devices studied before. The fact
that the simulations show the correct temperature dependence in the temperature range from
−20 to +40 ◦C is somewhat fortunate, but indicates that the electron-transporting and their
equivalent hole-transporting layers may indeed have similar densities of states.
In a next step, the devices b1n and b2n with inserted blue ELs of 10 and 20 nm are analyzed.
As illustrated in Fig. 3.13(c), the insertion of the blue EL leads to drastically reduced currents
at small voltages. At higher voltage, the IV characteristics of the devices b1n and b2n get close
to the reference characteristics of device 2n. This behavior could be explained by the occurrence
of trap states inside the blue EL. However, the IV characteristics of the devices b1n and b2n
15The simulation parameters are summarized in Appendix C.1.
88 Analysis of Charge Transport in a White OLED
10-4
10-2
1
102
0 1 2 3 4 5 6
40˚C
20˚C
0˚C
-20˚C
10-4
10-2
1
102
0 1 2 3 4 5 6
40˚C
20˚C
0˚C
-20˚C
10-3
10-2
10-1
1
101
102
0 1 2 3 4 5 6
2n
b1n
b2n
mb1n
mb2n
Voltage (V)
C
ur
re
nt
 D
en
si
ty
 (
m
A
/c
m
2 )
+0.05 eV
50           40/60          50 nm
n
1/2n
n
+0.05 eV
50      40/30 10/20 10  50 nm
n
b1/2n
n
mb1/2n
+0.2 eV
bl
ue
T
P
P
he
n
T
P
P
he
n
TPPhen
+0.05 eV
50      35/30   5/10  10  10   50 nm
n n
+0.2 eV
bl
ue
T
P
P
he
n
T
P
P
he
n
m
ix
ed
(a)  1n
(b)  2n (c)  20°C
Figure 3.13: Analysis of electron transport in a series of n-i-n devices. The deduced energy
barriers (red) are illustrated in the device schemes on the top right. (a, b) Experimental
(points) and simulated (lines) IV characteristics of n-i-n devices (a) 1n and (b) 2n with n-
doped and intrinsic layers of TPPhen in a temperature range from −20 to +40 ◦C. In the
simulations, the mobility parameters of the equivalent hole-transporting layers in the OLED
(p-doped Spiro-TTB and NPB) are applied. To match the experimental results, a small energy
barrier of +0.05 eV at the interface between the two layers and an exponential distribution
of trap states in the bulk of the layers are assumed. (c) Experimental (lines) and simulated
(points) IV characteristics of n-i-n devices 2n (reference), b1n and b2n (with inserted blue ELs
of 10 and 20 nm), mb1n and mb2n (with inserted ILs of 5 and 10 nm) at 20 ◦C. The currents
appear to be limited at the interface between TPPhen and the blue EL and in the bulk of the
IL. In the simulations, considerable amounts of deep trap states are attributed to the interface
between TPPhen and the blue EL as well as to the bulk of the IL.
overlap and do not show a strong dependence on the thickness of the blue EL, as it should be
the case when trap states were present in this layer. A way to reproduce this behavior with
the simulation model is to assume trap states at the interface between TPPhen and the blue
EL. For this, a combined exponential and Gaussian trap distribution (Nt,1 = 2 · 1017 cm−3,
Et,1 = 0.75 eV, Nt,2 = 3 · 1017 cm−3, Et,2 = 1.7 eV, σt,2 = 0.75 eV) is attributed to the last
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discretization point of the TPPhen layer, at the interface to the blue EL, while the bulk of the
blue EL is considered as trap free. Additionally, an energy barrier of +0.2 eV is assumed at
this interface. As for TPPhen, the mobility parameters of NPB are applied to the blue EL.
The resulting simulations (illustrated in Fig. 3.13 by blue crosses) do not show any dependence
on the thickness of the blue EL and reproduce the experiments quite well, at least at higher
voltages. The occurrence of interface trap states may also explain the strangely overlapping IV
characteristics of the devices b1n and b2n because their trap distributions could vary a bit.
The last two n-i-n devices mb1n and mb2n additionally contain 5 and 10 nm of the mixed
IL. Their IV characteristics strongly depend on the IL thickness, which again can only be
explained by the occurrence of trap states in this layer. In analogy to hole transport, less
traps are attributed to the 5 nm IL in device mb1n (Nt,1 = 2 · 1017 cm−3, Et,1 = 0.75 eV,
Nt,2 = 3 · 1017 cm−3, Et,2 = 1.9 eV, σt,2 = 0.75 eV) than to the 10 nm IL in device mb2n
(Nt,1 = 5 · 1017 cm−3, Et,1 = 0.75 eV, Nt,2 = 6 · 1017 cm−3, Et,2 = 1.9 eV, σt,2 = 0.75 eV). As
already discussed in the Sec. 3.7, this may be explained by the morphology of the IL or by a
distribution of transport sites that is not well described by a Gaussian DOS.
In summary, the electron transport can indeed be described by the mobility parameters of
the hole transport. However, a couple of additional eects, mainly related to electron trap-
ping, have to be taken into account. First trap states have been observed in the bulk of the
TPPhen layers  they make the IV characteristics change quite drastically with the TPPhen
layer thickness. Further traps have been encountered at the interface between TPPhen and the
blue EL. Finally, the largest distribution of electron traps has been observed in the bulk of the
IL. This distribution is very similar to the distribution of hole traps that was found in the IL
before. Both distributions reach deeply into the band gap, and in case of bipolar transport,
trap-assisted recombination is likely. It is stressed that dierent mobility parameters would not
compensate for any of the discussed trapping eects. The eects are simply too strong. How-
ever, the parameters for the trap distributions would be slightly dierent if the mobilities were
changed. Moreover, it is conceivable that the necessity to introduce trap states comes partly
as a result of LUMO distributions that are not well described by Gaussian state densities.
3.9 Simulation of the Complete OLED
The parameters obtained in the simulations of the investigated p-i-p and n-i-n devices will be
used in the following to model the complete OLED. As test device, OLED 1 with an IL of 5 nm
(see Tab. 3.1) is chosen.
It is intended to continue with the simple transfer of parameters from hole to electron
transport. Thus, in a rst simulation of the complete OLED stack, the parameters for the hole
mobility of the green EL are also used to describe the electron mobilities of the green and red
ELs. This leaves only the electron-transport levels of the green and red ELs as well as the
built-in voltage as tting parameters. The optimized values for the energy barriers between
the dierent electron-transport levels are summarized in Fig. 3.15. It turned out that the last
energy barriers, in electron transport, inuence the IV curves only moderately. The reason is
that the charge carriers have sucient possibilities to recombine both before and behind these
barriers. The recombination prole in turn is aected by the energy barriers, which makes it
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Figure 3.14: (a, c) Experimental (points) and simulated (lines) IV characteristics of the
complete OLED. The simulations in (a) apply the parameters obtained within the study of
the p-i-p and n-i-n devices, without any variations. By comparison, the simulations in (c)
utilize an increased energy barrier for electron transport at the interface between TPPhen
and the blue EL (0.3 eV instead of 0.2 eV). (b, d) Corresponding recombination proles for
the two dierent interface barriers  (b) 0.2 eV and (d) 0.3 eV. The recombination of free
electrons and holes is calculated according to the Langevin (Lang) formula, while trap-assisted
recombination is calculated by the Shockley-Read-Hall (SRH) formula.
very dicult to extract the recombination prole from the IV characteristics alone. Moreover,
the tting of the measured IV characteristics did not work out really well  as illustrated in
Fig. 3.14(a). First of all, the simulations (lines) exceed the measured curves (points)  and
also with dierent parameters for the electron mobilities of the green and red ELs, the currents
could not be lowered signicantly. The likely reason is that the electron current across the
interface between TPPhen and the blue EL is overestimated. This becomes obvious in the
recombination prole, illustrated in Fig. 3.14(b). It shows recombination only in the red and
green ELs, because too many electrons penetrate deep into the OLED and leave no holes that
could recombine in the blue EL. That the electron current at the interface to the blue EL is
overestimated is also visible in the simulations of the n-i-n devices bn and mbn, illustrated in
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Figure 3.15: Energy level proles for hole and electron transport, as used in the simulations
of the OLED.
Fig. 3.13(c). In these simulations, trap states had to be assumed directly at the interface to
the blue EL, and the simulations matched the experimental results only at high voltages, while
they overestimated the currents at low voltage. In the OLED, the electrons seem to penetrate
up to the red EL quite easily, since the red emission is dominant in the measured spectra. Thus,
the loss of electrical power and drop of voltage over the interface between TPPhen and the blue
EL should be small. Consequently, the energy barrier for electron transport at this interface
was slightly increased from 0.2 eV to 0.3 eV, which led to better simulation results for the
OLED (illustrated in Fig. 3.14 (c) and (d)). The recombination prole now looks similar to the
measured spectra and turns out to be very stable for dierent voltages, which is in accordance
with the experimentally observed color stability of the OLED. As shown in Fig. 3.15, not only
a barrier for electron transport, but also a dipole of −0.35 eV was assumed at the interface
to the blue EL. This assumption is reasonable, because interface dipole eects in OLEDs are
typically observed between the hole-blocking layer and an adjacent emission layer [74]. The
interface dipole also makes the occurrence of interface-trap states and the high built-in voltage
of 2.45V more plausible. The part of the built-in voltage originating from the depletion of the
electrically doped layers is then only 2.1V, which is met when the Fermi levels are pinned in
the electrically doped layers at 0.25 eV away from the transport levels  this again meets the
values typically obtained by UPS measurements [75].
The proles in Fig. 3.14(d) show that a signicant part of the recombination takes place
in the mixed IL, i. e. non-radiatively, which explains the observed dependence of the OLED
eciency on the IL thickness. Admittedly, it is part of the simulation model itself to describe
recombination by Langevin's formula and to assume recombination at any place where holes and
electrons are simultaneously present. However, it is interesting to see that the recombination
processes in the green EL and the mixed IL are comparably strong and that the higher hole-
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Figure 3.16: (a) Illustration of the key assumption of Langevin recombination. A continuous
electron density n drifts into the sphere around a hole due to the Coulomb interaction. The
charges inevitably recombine when the Coulomb radius rC is undergone. (b) Illustration of
electron and hole laments through a lattice of molecular sites. It is questionable whether the
actual cross section for recombination is 4π r2C such as assumed in the Langevin model.
transport level in the mixed IL, in comparison to the green and blue ELs, creates a kind of
well for holes, which leads to a nearly constant recombination prole in the IL. Trap-assisted
recombination in the IL, described by the Shockley-Read-Hall (SRH) formula (see Sec. 2.4.4),
appears to be of minor importance, since the SRH-recombination rate is considerably smaller
than the Langevin-recombination rate (illustrated only for 5V, but valid over the complete
voltage range).
The simulations in Fig. 3.14(c) still do not well reproduce the features of the measured
IV characteristics. The measured curves are steeper around the built-in voltage and atter at
higher voltages. It would be interesting to go further into these details and to clarify open
questions about the recombination and the relevance of interactions between excitons and free
charge carriers. For instance, it is arguable to what extent the Langevin formula is really
applicable here, in combination with the formulas for the EGDM mobility. As derived in
Sec. 2.4.4 and illustrated in Fig. 3.16(a), the Langevin formula assumes a constant mobility
and an isotropic recombination current, e. g. of electrons drifting into the sphere around a
hole due to the Coulomb interaction. Moreover, the Langevin model assumes a homogeneous
distribution of electrons and holes. However, in the OLED, the situation is much more complex.
The recombination zone extends over four layers, of which the phosphorescent ELs are host-
guest systems with emitter concentrations of 5 and 8%. The IL between the uorescent and
phosphorescent ELs is a blend of two dierent materials. And the charge carriers are conned
by energy barriers at the interfaces between the layers. To assume a homogeneous distribution
of holes and electrons as well as an isotropic mobility for such a complex system is a rather
rough estimation.
It is known from Monte-Carlo studies on the transport in disordered systems that the charge
carriers move on favorable paths through the distribution of transport sites. Thus, the total
current has to be seen as a superposition of laments and not as a continuum. As illustrated
in Fig. 3.16(b), the lament currents of holes and electrons can be spatially separated, and it
may be doubted that the actual cross section for recombination is 4 π r2C such as assumed in the
Langevin model. In particular, the lamentary character increases with the degree of disorder,
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as shown e. g. by Groves et al. [90]. The Monte-Carlo studies by Groves and coworkers
furthermore showed that a constraint of the transport within one dimension, e. g. due to
the connement at a surface, leads to a lowered recombination in comparison to the Langevin
model. Thereby, the ratio of the actual recombination rate to the Langevin rate was found to
depend on the carrier concentration.
Moreover, the use of the EGDM formulas to describe the mobility in the recombination
process is critical. Pasveer and coworkers simplied the transport in a 3D single-layer device
to a 1D drift current along the axis of the external electric eld. They averaged along this axis
and ignored any possible directional dependence of the mobility [63]. For the bipolar case, it
has been shown by van der Holst et al. [89] that the Coulomb interaction between electrons and
holes leads to an eectively increased disorder, which is neglected in the formulas by Pasveer.
Therefore, the Pasveer formulas should overestimate the mobility in the bipolar case and hence
the recombination rate.
Aside from the question about the applicability of the Langevin formula, it is arguable to
what extent interactions between excitons, i. e. temporarily stable electron-hole pairs, and
residual charge carriers are relevant. Excitons have certain lifetimes.16 They can diuse within
the OLED layers and can decay non-radiatively by accelerating free charge carriers, or they can
transfer their energy to other excitons and separate electron-hole pairs. Excitons can also be
transferred between molecules of dierent types, at interfaces between dierent organic layers,
or from matrix to emitter molecules, such as in the red and green ELs. As the electron-hole pairs
occupy transport sites, and as they can be separated into free charge carriers, the resistivity of
the OLED should be augmented by these processes.
Taking all these parts together, it seems most likely that the recombination current is
overrated in the simulation of the OLED. In particular, it may explain why the slope of the
experimental IV curves attens at higher voltage, because with increasing carrier concentration,
these processes should become more and more signicant. This also means that the adjustment
of the energy barrier at the interface between TPPhen and the blue EL might not be necessary,
or at least, it could be less signicant if all these processes were considered correctly. In
particular, a small bipolar mobility and a lowered recombination rate in the IL would have
a similar inuence on the IV characteristics as the increase of the interface barrier, because
the loss of electrical power in the OLED is primarily governed by the available recombination
paths. In the eld of organic solar cells, blend layers have been investigated quite thoroughly,
since excitons can be eciently separated at the interfaces between dierent domains in the
blend. Typically, the recombination in blend layers was found to underrun the prediction of
the Langevin model by several orders of magnitude [90, 92].
Unfortunately, there are still too many uncertainties about the simulation parameters of
the OLED, so that it is not feasible to continue the analysis and to properly resolve these
mechanisms. The simple transfer of parameters from hole to electron transport did allow to
compare hole and electron transport and to construct the corresponding transport-level proles
(Fig. 3.15). However, for further investigation of the recombination process, the parameters of
the electron mobilities and the trap distributions need to be known more precisely.
16Typical lifetimes of triplet excitons are in the range of µs, whereas the lifetimes of singlet excitons are in
the range of ns.
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3.10 Summary and Outlook
In this work, a simulation model for the charge transport in organic thin-lm devices has been
developed and its applicability has been demonstrated on the analysis of the charge transport
in a white OLED. The algorithm is based on the master equation and the Scharfetter-Gummel
method. It calculates both transient and steady-state solutions of the drift-diusion equations
and can switch between dierent models for mobility. In concrete terms, two modern models for
the mobility in disordered organic materials have been implemented  the Extended Gaussian
Disorder Model (EGDM) by Pasveer et al. [63] and the Extended Correlated Disorder Model
(ECDM) by Bouhassoune et al. [65]. For the interpretation of experimental results, solely the
EGDM has been applied. The reasons are that the EGDM has allowed the use of experimentally
determined DOS widths as simulation parameters and that it has led to excellent agreement
between simulation and experiment. Moreover, a master-equation approach for the EGDM by
Coehoorn et al. [64] was available, which could be easily implemented and turned out to be
benecial in terms of simulation speed and numerical stability.
First of all, the white OLED has been analyzed experimentally. Thereby, a strong depen-
dence of the OLED eciency on the thickness of the interlayer between the uorescent and
phosphorescent emission zones as well as a high color stability were observed. Because of the
many parameters that are required for a simulation of the complete OLED, the charge transport
in the OLED has been analyzed separately for holes and electrons in series of p-i-p and n-i-n
devices. The analysis started with hole transport, in particular with two simple p-i-p devices
containing single intrinsic layers of NPB between p-doped layers of Spiro-TTB  the rst two
layers on the p-side of the OLED. The measured IV characteristics could be reproduced in a
wide temperature range, from −80 ◦C to +40 ◦C. Thereby, a slight freeze-out of the activated
dopants in the p-doped layers was encountered for temperatures below −20 ◦C, while the energy
barrier at the interface between p-doped Spiro-TTB and NPB was found to be temperature
independent.
The analysis was continued by a stepwise insertion of the layers that follow in the layer
sequence of the OLED into the intrinsic NPB layer of the p-i-p device. The simulations allowed
to illustrate how the IV characteristics are inuenced by the parameters of an inserted layer,
i. e. by the energy barrier at the interface to the inserted layer as well as by the mobility
and a possible trap distribution inside the layer. Thereby, it was possible to dene a purely
experimental method that allows to identify trap states in the bulk of an inserted layer. Within
the OLED, only the mixed IL seems to contain a considerable amount of hole-trapping states,
while in the other layers, the inuence of hole traps is negligible.
This stepwise analysis of the OLED layers within p-i-p devices of increasing complexity has
allowed to extract the interface barriers, and nally, to reconstruct the complete hole-transport
level prole in the OLED. It was found that the applied parameters for the energy barriers and
transport levels scale similarly to the energies of the HOMO distributions measured by UPS.
This seems to be explained by the direct use of experimentally measured DOS widths as sim-
ulation parameters. The DOS widths have been determined by tting the UPS measurements
performed on the individual layers of the OLED with Gaussian curves. In the simulations, the
DOS widths strongly determine the eld and concentration dependence of the mobility, and
therefore, they inuence the transport over energy barriers at interfaces. The direct applica-
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tion of the measured DOS widths as simulation parameters is critical because the UPS signal is
broadened by vibronic modes of the molecules. Furthermore, a broadening due to the change in
the dielectric constant at the surface to the vacuum is likely. As the comparison with theories
on the transport level in a Gaussian DOS showed, an eective broadening of the DOS widths
by a factor of about 1.5 is probable. In the simulations, this seems to be compensated by the
lowering of the parameter for the absolute density of hopping sites Nst. In view of the molar
mass and the mass density of the materials, Nst should range between 1021 and 1022 cm−3. By
comparison, in the simulations, Nst was set constant to 1020 cm−3. On the other hand, also the
neglect of correlation in site energies within the EGDM causes an eective lowering of Nst, and
therefore, contributes to this value. The direct use of the measured DOS widths as simulation
parameters and the denition of Nst as a constant were extremely benecial in the sense that
only one free mobility parameter was left for each of the layers  µ0, the mobility in the zero-eld
and zero-density limit. As the inuences of µ0 and the energy barriers were distinguishable,
the complete hole-transport level prole could be constructed quite unambiguously, and it was
possible to disclose specics like dipole eects at the interfaces to the phosphorescent emission
layers. The only ambiguity about the hole-transport level was observed in the mixed IL. There,
the parameters related to the transport level are correlated with the parameters for the trap
distribution.
The subsequent analysis of electron transport was more dicult. The main problem was the
absence of information about the LUMO distributions of the materials. The only feasible way
to compensate for this lack of information was to base the analysis on the parameters that were
already known for the hole mobilities and to do the analysis in a comparative way. It turned
out that the mobilities of the rst two layers on the n-side of the OLED, n-doped TPPhen and
intrinsic TPPhen, are indeed describable by the parameters of the corresponding layers on the
p-side of the OLED, p-doped Spiro-TTB and NPB. However, a homogeneous trap distribution
had to be attributed to both layers in addition. It is stressed that also with other parameters
for the electron mobilities, it would have been impossible to reproduce the experimental results
without the introduction of trap states. An eectively increased DOS width may certainly
compensate for a small distribution of shallow traps. However, the experimentally observed
dependence of the IV characteristics on the thickness of the TPPhen layer is so strong that no
thinkable DOS width would compensate for the eect.
Also in the following layers on the n-side of the OLED, trap states were encountered. The
largest amount was found in the mixed IL between the blue and green ELs. Similar to the hole-
trapping states found in this layer before, the electron traps appear to be positioned around
the center of the band gap. Therefore, it was suspected that trap-assisted recombination might
play a signicant role in the OLED. A special eect occurs at the interface between TPPhen
and the blue EL. In the simulations, this eect has been described by interface trap states in
combination with an interface dipole. The corresponding parameters were determined on n-i-n
devices with inserted layers of the blue emitter Spiro-DPVBi. Unfortunately, these parameters
turned out to be not suitable for the simulation of the complete OLED. One reason is that in
the n-i-n devices, the eect could not be well described at low voltages, while in the OLED, the
loss of electric power at this interface is small in comparison to the rest of the recombination
zone. The second reason is that the step from the unipolar to the bipolar case is not so
straightforward as it may seem. For instance, it is questionable whether the EGDM correctly
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describes the mobility in the bipolar case and to what extent the implemented models for
recombination are correct.
The simulation of the OLED could reproduce the measured IV characteristics reasonably
well, but the measured curves were found to be steeper around the built-in voltage and atter
at higher voltages. The reason seems to be the neglect of various bipolar aspects. First of all,
the Langevin model has been used to describe the recombination of free charge carriers and
the Shockley-Read-Hall model for the description of trap-assisted recombination. Both models
were applied together with the scalar EGDM mobility formulas by Pasveer. The application
of the Langevin model is critical because the charge carriers move on favorable paths through
the organics and do not form a homogeneous charge density. Furthermore, the use of the
scalar EGDM description by Pasveer is problematic because it neglects an eective increase of
disorder, induced in the bipolar case, and a possible anisotropy of mobility. Especially in the
blend layer between the uorescent and phosphorescent recombination regions, anisotropy and
increased disorder should lead to a low bipolar mobility. Moreover, any kind of back transfer
of excitons into free charges as well as the temporal occupation of transport sites by excitons
have been ignored in the simulation of the OLED. All these processes should decrease the
recombination and should become more and more signicant with rising voltage. Therefore,
they give a reasonable explanation for the slight mismatch between simulation and experiment.
Despite of these shortcomings in the simulation of the complete OLED, the simulation has
shown that the recombination in the IL considerably contributes to the non-radiative losses in
the OLED, and therefore, has given the explanation for the observed dependence of the OLED
eciency on the IL thickness. It was found that the trap-assisted recombination in the IL is less
signicant than the direct recombination of free holes and electrons in this layer. However, it is
not clear if a proper treatment of the bipolar aspects mentioned above would lead to a dierent
result. Moreover, the experimentally observed color stability of the OLED has been reproduced
in the simulation. It seems to be explained by the well balanced injection of holes and electrons
from the p- and n-doped layers, which have been described by the same simulation parameters.
In summary, the analysis of the OLED with the simulation model was very successful and
has led to a better understanding of the OLED. It has allowed to construct the complete
transport-level proles for hole and electron transport and to obtain many other interesting
parameters related to mobilities, interface dipoles and trap distributions. These parameters
have been consistently applied in the simulations on a large series of test devices, which has
proven the correctness and the applicability of the simulation model.
Outlook
For a continuation of the analysis and a deeper resolution of bipolar processes in the OLED, an
involvement of further experimental techniques seems to be necessary. An important step would
be to obtain additional information about the electron transport, i. e. about the distributions
of electron-transport sites and about the electron mobilities. Furthermore, the determination
of trap distributions is one of the main problems to be solved, since the mobility parameters are
correlated with the parameters of the trap distributions. For an experimental determination of
the electron DOS widths, inverse ultraviolet photoelectron spectroscopy is a possible candidate.
However, also a purely theoretical analysis by means of density functional theory is conceivable
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 it may moreover be used to evaluate the broadening eects which occur within the exper-
imental methods for the DOS determination. For a measurement of the trap distributions,
promising techniques are the method of thermally stimulated currents [93] and deep-level op-
tical spectroscopy [94]. Also capacitance-voltage measurements may be considered  however,
the dielectric constant of the organic materials typically shows a large frequency dependence,
which could be a problem. Furthermore, electro-absorption measurements could help to probe
electric eld proles  this would be particularly interesting for the controversy about the ap-
plicability domains of EGDM and ECDM, since the models predict dierent eld dependencies
for the mobility. For a further analysis of recombination and excitonic processes in the white
OLED, it would be advisable to split up the recombination zone and to do a stepwise analysis
from monochrome to multicolor OLEDs.
Aside from continuing the analysis of the charge transport in the white OLED, an adaptation
of the simulation model to other 1D organic thin-lm devices, such as solar cells or triodes,
seems to be straightforward. Also transient studies are conceivable, since a time-dependent
solution can be calculated by the algorithm. However, certain time- and frequency-dependent
mechanisms like displacement currents would have to be considered in addition. And there
are many other possible extensions of the simulation model like an implementation of heat
conduction or an incorporation of optical thin-lm models for a calculation of the light eld
from the recombination prole in the device.
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Appendix A  Derivations
A.1 Electron Concentration in a Gaussian DOS
The electron concentration in a Gaussian DOS is calculated in the limit of low electron density.
Therefore, the Gaussian density of states (Eq. 1.27) is inserted into the Fermi integral (Eq. 1.15)
n =
Nst√
2πσ2
∫ ∞
−∞
exp
(
−(E − E0)
2
2σ2
)
1
exp ((E − EF )/(kBT )) + 1
dE . (A.1)
The Fermi energy is supposed to be far away from the DOS center with respect to kBT and σ.
Thus, the denominator can be approximated
n ≈ Nst√
2πσ2
∫ ∞
−∞
exp
(
−(E − E0)
2
2σ2
)
exp
(
−E − EF
kBT
)
dE , (A.2)
which makes the integral analytically solvable. For this, it useful to dene η = E−E0
kBT
and
σ̂ = σ
kBT
. Then, the Fermi energy can be expressed as EF = ηF kBT + E0, and Eq. A.2
transforms into
n =
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2πσ2
∫ ∞
−∞
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dE
dη︸︷︷︸
kBT
dη . (A.3)
Completing the square leads to a standard integral
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2πσ̂2
∫ ∞
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Thus, the solution is
n = Nst exp
(
−
E0 − σ
2
2kBT
− EF
kBT
)
. (A.5)
A detailed discussion of the possible analytical approximations for the Fermi integral of a
Gaussian DOS can be found e. g. in [25].
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A.2 Generalized Einstein Relation
The generalized Einstein relation describing the dependence of the diusion coecient D on
the mobility µ is derived for a Gaussian DOS. For this, a situation is considered where the net
current is zero and the drift and diusion components compensate each other, i. e.
µFp = D
∂p
∂x
. (A.6)
Then, the following condition should hold for the electric potential Φ and the chemical potential
EF
e
∂Φ
∂x
= −∂EF
∂x
. (A.7)
As F = −∂Φ/∂x, Eq. A.7 can be inserted into Eq. A.6, which gives
µp = eD
∂p
∂x
∂x
∂EF
= eD
∂p
∂EF
D =
µ p
e ∂p/∂EF
. (A.8)
Now, a Gaussian DOS with parameters Nst and σ, for the total density of the sites and the
width of the DOS, is considered
N(E) =
Nst√
2π σ2
· exp
[
−(E − E0)
2
2σ2
]
(A.9)
and the charge-carrier density is described by the Fermi integral
p(EF ) =
1√
2π σ2
·
∞∫
−∞
exp
[
−(E − E0)
2
2σ2
]
· 1
1 + exp [(E − EF )/kBT ]
dE . (A.10)
Then, p(EF ) and the rst derivative ∂p/∂EF are inserted into Eq. A.8, which yields
D(EF ) =
kBT µ
e
∞∫
−∞
exp
[
− (E−E0)
2
2σ2
]
· 1
1+exp[(E−EF )/kBT ]
dE
∞∫
−∞
exp
[
− (E−E0)2
2σ2
]
· exp[(E−EF )/kBT ]
(1+exp[(E−EF )/kBT ])2
dE︸ ︷︷ ︸
α(EF )
. (A.11)
As the numerical evaluation of the integrals in Eq. A.11 is quite time consuming, look-up tables
for the charge-carrier concentration p(EF ) and for the diusion enhancement factor α(EF ) are
calculated before the iteration is started. The prole of diusion coecients Di can then be
determined during the iteration from the charge carrier prole pi.
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A.3 Child's Law
There are only a few analytic formulas for the current-voltage characteristics of organic thin-
lm devices. One of these is Child's law for the unipolar drift current in a single-layer device
with Ohmic boundary conditions. It is derived from Gauss's law
ε0ε
e
dF
dx
= p (A.12)
and the expression for the drift current in the device
j = e p µF , (A.13)
where F denotes the electric eld and p the charge-carrier concentration. The insertion of
Eq. A.12 into Eq. A.13 leads to a simple dierential equation for the electric eld
F
dF
dx
=
j
ε0εµ
, (A.14)
which is solved by integration
F (x) =
√
2j
ε0εµ
· x1/2 . (A.15)
A second integration leads from the electric eld to the applied voltage
V =
∫ d
0
F (x)dx =
2
3
√
2j
ε0εµ
· d3/2 . (A.16)
Therein, it is assumed that the excess charges generate the complete electric eld prole, which
is equivalent to the assumption of Ohmic injection. Finally, the rearrangement of Eq. A.16
yields Child's law
j =
9
8
µ ε0ε
V 2
d3
. (A.17)
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Appendix B  Implementation
B.1 EGDM
In the following, the complete description of the functions g(p) and f(F ) for the concentration
and eld dependence of the EGDM mobility is given. In addition to Eqs. 2.20c and 2.20d, it is
specied how the functions are approximated in the high-eld and high-concentration regimes.17
g(p) = 1 , if
p
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= exp
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f2
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B.2 ECDM
The ECDM delineates the mobility of charge carriers in a Gaussian DOS with correlated site
energies. In the following, the formulas for the scalar ECDM mobility, as proposed by Bouhas-
soune et al. [65], are summarized.
The ECDM mobility is presented as to predominantly depend on the threshold mobilities
µ− and µ+ for the low-eld and high-eld regimes
µ(T, p, F ) = (µ−
q + µ+
q)1/q . (B.1)
A couple of constants and replacements of variables are used in the description of the mobility.
They read
σ̂ =
σ
kT
, q =
2.4
1− σ̂
, pred = p a
3 , Fred =
e a
σ︸︷︷︸
ρ
|F | , (B.2)
17The constants g1, g2, f1 and f2 are used in the program code.
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δ = 2.3
ln(0.5 σ̂2 + 1.4 σ̂)− ln(ln 4)
σ̂2
, r = 0.7 σ̂−0.7 . (B.3)
In the high-eld regime, the mobility-determining hops are downhill. Therefore, the high-
eld mobility µ+ is described as independent of the degree of disorder and independently of the
temperature, according to
µ+ =
exp(−20)
Fred
· µ∗0 · (1− pred) . (B.4)
The parameter µ∗0 is part of the expression for the mobility in the zero-eld and zero-
concentration limits
µ0(T ) = µ
∗
0 · exp(−Cσ̂2)
≈ µ∗0 · exp(−20) · exp(−0.29 σ̂2) for 2 ≤ σ̂ ≤ 6 . (B.5)
Accordingly, µ∗0 can be replaced. This leads to
18
µ+ =
µ0(T )
exp(−0.29 σ̂2)︸ ︷︷ ︸
µeff0 (T )
·(1− pred)
Fred
. (B.6)
The low-eld mobility µ− is given by
µ− = µ0(T ) · g(T, p) · f(T, F, p) , (B.7)
where
g(T, p) = 1 , if pred < 10
−50
= exp
(0.25σ̂2 + 0.7σ̂)︸ ︷︷ ︸
γ
(2 pred)
δ
 , if 10−50 ≤ pred ≤ 0.025
= exp
[
(0.25σ̂2 + 0.7σ̂) (2 · 0.025)δ
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gmax
, if pred > 0.025 (B.8)
and
f(T, F, p) = exp
h(F ) · (1.05− 1.2 prred) · (σ̂3/2 − 2)︸ ︷︷ ︸
φ
·(
√
1 + 2Fred − 1)
 , (B.9)
18In the simulation program, the constant C is not used. The program user has to specify µ0(T ) as an input
parameter. The constant expressions like µeff0 (T ) are dened in order to optimize the calculations and improve
the simulation speed.
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where
h(F ) =
25
3
· Fred , if Fred ≤ 0.08
=
[
1− 4
3
(
Fred
0.16
− 1
)2]
, if 0.08 < Fred ≤ 0.16
= 1 , if Fred > 0.16 . (B.10)
B.3 Thermionic Injection
In the simulation program, thermionic injection is described according to the model by
Scott [76], as discussed in Sec. 2.4.1. Therein, a eld-dependent enhancement function is
dened
β(f) = 4ψ2 · exp
(
f 1/2
)
, if f ≥ 3.3317 ,
= 1 , if f < 3.3317 , (B.11)
where
ψ(f) = f−1 + f−1/2 − f−1(1 + 2f 1/2)1/2 (B.12)
is a function of the reduced electric eld
f =
e3F
4πε0ε(kBT )2
. (B.13)
The enhancement function allows to calculate the concentrations of holes and electrons at the
contacts. For instance at the anode, they read
p0 = p̃0 · β(f) , n0 = p̃0/β(f) , (B.14)
where p̃0 and ñ0 denote the concentrations of holes and electrons in the zero-eld limit. They
are calculated according to
p̃0 =
1√
2π σp2
·
∞∫
−∞
exp
[
−(E − E
h
0 )
2
2σh2
]
· 1
1 + exp [(E − EF )/kBT ]
dE , (B.15)
ñ0 =
1√
2π σn2
·
∞∫
−∞
exp
[
−(E − E
n
0 )
2
2σn2
]
· 1
1 + exp [(E − EF )/kBT ]
dE . (B.16)
Therein, Eh0 and E
n
0 denote the centers of the Gaussian HOMO and LUMO distributions, σh
and σn the corresponding DOS widths, and EF the Fermi energy. The latter is dened by the
work function of the metal contact.
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B.4 Field-Induced Detrapping
As mentioned already in Sec. 2.4.3, it is questionable whether eld-induced detrapping needs
to be considered in the simulation model, since this eect may vary the simulation results in
a similar way than a variation of the parameters describing the trap distribution would do.
Therefore, the implementation is kept simple and shall primarily be used to obtain an idea of
how eld-induced detrapping would inuence the current-voltage characteristics.
The basic idea is to describe the amounts of free and trapped charges by Fermi-Dirac
statistics, with quasi-Fermi levels EF and EF,t. For the separation of the quasi-Fermi levels
∆(EF , EF,t), two options are implemented. The rst is
∆(EF , EF,t) = Fea , (B.17)
where F denotes the electric eld, e the elementary charge and a is determined by the density
of states Nst according to a = N
−1/3
st . This represents a reduction of the trapping depth due to
the electric eld and augments the concentration of free charge carriers. Thereby, the mobility
is inuenced implicitly due to its dependence on the concentration of free charge carriers.
The second is based on a model by Cottaar et al. [77]. Actually, it provides a generalized
expression for the Fermi-Dirac distribution, i. e. a eld dependent occupation function
fp(E,EF , T, F ) =
∫ ∞
−∞
1
exp [(E − µ)/kBT ] + 1
·
1
θ(F )
√
2π
exp
(
−1
2
[
µ− EF + ∆(F, T )
θ(F )
]2)
dµ , (B.18)
where
θ(F ) =
(
1− exp(−0.67|F̂ |)
)
σ (B.19)
and
∆(F, T ) =
{
σ · τ(T )F̂ 2 , if |F̂ | < 0.15/τ(T )
σ · (0.0225/τ(T ) + ∆0(0.15/τ(T ), T )−∆0(F, T )) , if |F̂ | ≥ 0.15/τ(T )
(B.20)
with parameters
σ̂ = σ/kT , F̂ = Fea/σ , (B.21)
χ(T ) = 2.07 + 0.225σ̂ − |0.34− 0.085σ̂| , (B.22)
τ(T ) = 0.214 · exp
[
0.57(σ̂ − 2)1.428
]
(B.23)
and
∆0(F, T ) = 0.35χ(T )− 0.65|F̂ | − log
[
2 cosh
(
1.05(|F̂ | − χ(T ))
)]
/3 . (B.24)
According to Cottaar, the occupation function (Eq. B.18) shall be used to calculate from
the Fermi energy EF the eective concentration of free charge carriers, which inserted into
the EGDM formulas would give the correct mobility in the host-guest system. Figure B.1
illustrates the occupation function for dierent electric elds. In comparison to the standard
Fermi-Dirac distribution, the eld-dependent occupation function fp(E,EF , T, F ) exhibits an
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Figure B.1: Occupation function by Cottaar for dierent electric elds F . The function
describes the eld-dependent occupation of transport sites in a system of Gaussian disorder,
characterized by parameters σ and E0 for the width and the center of the Gaussian distribu-
tion, and the parameter a for the intersite distance. The calculations assume a DOS width
σ = 0.1 eV, a temperature T = 300K and a Fermi energy EF = −0.5 eV. For zero eld, the
standard Fermi-Dirac distribution is plotted.
eective Fermi energy that is shifted from the actual Fermi energy EF by −∆(F, T ). Moreover,
the shoulder of the function is broadened by the electric eld. In the simulation program, the
latter eect is neglected and the model by Cottaar is implemented only approximately. For
simplicity, Eq. B.20 is used to describe the separation of the quasi-Fermi levels EF,t and EF ,
which determine the concentrations of trapped and non-trapped charges according to standard
Fermi-Dirac statistics.
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Appendix C  Simulation Parameters
C.1 Summary of Simulation Parameters
A summary of the simulation parameters applied in the numerical analysis of the white OLED
is given below. The table contains the bulk parameters. Therein, the rst three parameter sets
a, b, c are applied in the theoretical study on the insertion of a layer into the intrinsic region of
p-i-p device 1p. The following parameter sets describe the hole- and electron-transporting layers
in the white OLED. In the analysis, dierent possible parameter sets are found for the mixed IL
(labeled by dierent indices). Aside from the parameters in the table, a few extra parameters
need to be specied: (1) The concentration of electric dopants is 2 ·1017 cm−3. (2) For Gaussian
trap distributions, a standard width of σt,2 = 0.75 eV is dened. (3) At the interface between
TPPhen and the blue EL, an additional trap distribution (Nt,1 = 2 · 1017 cm−3, Et,1 = 0.75 eV,
Nt,2 = 3 · 1017 cm−3, Et,2 = 1.7 eV, σt,2 = 0.75 eV) is attributed to the last discretization point
of the TPPhen layer.
Nst (cm
−3) σ (eV) µ∗0 (cm
2/Vs) C Nt,1 (cm
−3) Et,1 (eV) Nt,2 (cm
−3) Et,2 (eV)
hole transport
a 1020 0.190 3 0.34
b 1020 0.247 800 0.45
c 1020 0.247 800 0.45 1017 1.0
p-doped 1020 0.247 800 0.45
NPB 1020 0.190 3 0.34
red EL 1020 0.190 0.6 0.34
green EL 1020 0.247 800 0.45
mixed IL1 10
20 0.350 3 · 103 0.47
mixed IL2 10
20 0.350 60 · 103 0.47 2 · 1017 1.0
mixed IL3 10
20 0.350 60 · 103 0.47 5 · 1017 0.75 6 · 1017 1.5
blue EL 1020 0.190 0.6 0.34
electron transport
n-doped 1020 0.247 800 0.45 2 · 1017 0.6
TPPhen 1020 0.190 3 0.34 2 · 1017 0.6
blue EL 1020 0.190 3 0.34
mixed IL1 10
20 0.190 3 0.34 2 · 1017 0.75 3 · 1017 1.9
mixed IL2 10
20 0.190 3 0.34 5 · 1017 0.75 6 · 1017 1.9
green EL 1020 0.247 800 0.45
red EL 1020 0.247 800 0.45
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The device scheme below contains the interface parameters, i. e. the energy barriers for hole
and electron transport as well as the interface dipoles.
p NP
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C.2 Field Dependence of the EGDM Mobility
The master-equation (ME) approach for the EGDM by Coehoorn [64] incorporates a parameter
ζ that has to be chosen such that the results meet the eld dependence of the scalar EGDM
description as obtained by Pasveer [63]. In the series of simulations presented in Chapter 3,
solely the ME model is applied and the parameter ζ is set constant to 1.4. In Fig. C.1, it is
demonstrated that thereby the eld dependence of the scalar model is well met. The simulations
compare the ME model with the Scharfetter-Gummel (SG) model  the results of the ME model
are plotted with lines, whereas the results of the SG model are illustrated by points. The rst
two simulations consider hole-only single-layer devices of 200 nm thickness  (p) one with the
mobility parameters of the p-doped layer, and (i) another with the mobility parameters of
the NPB layer (see Appendix C.1). Both layers are electrically undoped and the injection is
described by the thermionic model, assuming injection barriers of 0.7 eV and 0.9 eV.19 For these
devices, the SG simulations (points) perfectly agree with the ME simulations (lines). The third
simulation (pip1) considers a complete p-i-p device with 50 nm thick p-doped layers featuring a
dopant concentration of 2·1017 cm−3, the intrinsic layer has a thickness of 100 nm. The injection
is described as thermionic with an injection barrier of 1 eV, no barrier is assumed at the interface
between the p-doped and the intrinsic layer. The resulting IV characteristics are considerably
higher than for the single-layer devices. The reason is that the charge-carrier concentration is
19Injection barrier means the oset between the Fermi level and the DOS center.
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elevated due to the electric doping in the p-layers of the device. The agreement between ME
and SG model is again very satisfying. The last simulation (pip2) uses the parameters that
are applied in the study of the experimental results presented in Chapter 3, i. e. it assumes
Ohmic injection and an energy barrier of 0.23 eV at the interface between the p- and the i-layer.
The simulation could be performed only with the ME model, the SG model turned out to be
numerically unstable in this particular case. The high numerical stability of the ME model
is the main reason why it has been chosen as standard model to interpret the experimental
results. The simulation pip2 is plotted as reference  it shows that the eld dependence is
met for relevant charge-carrier concentrations, since the IV characteristics are inbetween the
characteristics of the three previous simulations.
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Figure C.1: It is shown that the ME approach for the EGDM by Coehoorn (lines) leads to
the same results as the SG model in combination with the scalar EGDM by Pasveer (points).
The comparison is conducted for two single-layer devices (p and i) and two p-i-p devices (pip1
and pip2). For device pip2, only the ME model leads to a numerically stable solution.
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